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ABSTRACT 


On the Margaree and Apple rivers, N.S., the belted kingfisher feeds upon those fishes most 
available within its feeding range. In the estuaries many species are taken, but ascending a river 
the number becomes less until only salmon and trout (Salvelinus), or trout alone, constitute the 
food. 

By rearing a young bird it was determined that the American merganser pursues its prey 
by sight under water, being able to see a distance of from 10 feet (3 m.) to 2 feet (0.6 m.) or less, 
depending upon the clearness of the water. The bird consumes daily on the average more than 
a third of its weight. In nature the broods are reared up stream where young salmon are the 
dominant fish and constitute the major food item, with trout next. When the supply becomes 
scarce they shift down stream and in the estuary take the various fishes occurring there. In 
contrast the young red-breasted mergansers were found feeding over areas not frequented by 
young salmon, and the adults were confined largely to the estuary. They fed on the species 
available, which sometimes consisted largely of young salmon. 


During the salmon investigations on the Margaree river, Cape Breton island, 
N.S. in 1935, observations were made on the food of the kingfisher and American 
merganser (White, H.C. J. Biol. Bd. Can. 2 (3) 299-309, 1936), largely on the 
Northeast branch ofthe river. In 1936 these were extended to the main river 
and the estuary as well as to other parts of the system. In addition in late 
August collections of the stomach pellets of the kingfisher were made in the 
Apple river district, Cumberland county, N.S. 


BELTED KINGFISHER (MEGACERYLE ALCYON) 


In our previous paper we have described the method of collecting and 
examining the stomach pellets of kingfishers. In order to determine to what 
extent the food of the kingfisher reflects the character of the fish fauna of the 
area in which it happens to be feeding, collections of pellets were made in 1936 
in more widely and in more varied locations than in the previous year. 


NORTHEAST MARGAREE TO THE ESTUARY 


Quite good collections of the disgorged pellets of the kingfisher were made 
at various points along the Northeast branch during the summer of 1935. The 
main river below the junction with the Southwest branch was not, however, 
examined that year, but in 1936 it proved possible to survey it for kingfisher 
pellets. 
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The summer feeding of the kingfisher is related to the rearing of the young 
so that the feeding area is in the neighbourhood of the site of the nest. The main 
part of the river passes through broad alluvial flood plains with low banks on 
either side. Although banks of the main river are not as high as those on the 
Northeast branch they are nevertheless sufficiently high to afford suitable 
nesting sites for kingfishers. At least two pairs were nesting in this section this 
year, but the perches from which they fished were either over the water or over 
thick brush and no pellets were found along this part of the stream. 

Toward the estuarial part of the river the alluvial plain becomes lower, 
finally merging into tidal swamps at the head of the estuary. In this latter 
portion there are no nesting sites, but there are some sand and gravel pits in the 
valley which provide abrupt earth banks where kingfishers nest. On our arrival 
at the Margaree river in late May we found nesting pairs of kingfishers fishing 
along this entire lower portion, some extending their feeding area even to the 
harbour’s mouth. 

Where fishing is good and nesting sites poor, kingfishers will choose unusual 
places for their burrows. Regarding this Taverner has stated ‘they are adapt- 
able and sometimes use the most unexpected substitutes such as the earth 
clinging to the roots of overturned trees or the sides of a drainage ditch.”’ As 
an instance of this, about two miles (1 mile=1.6 kilometres) up Gallant brook 
which empties into the Margaree estuary we found a pair of kingfishers nesting 
in a burrow made in a shallow layer of earth along the rocky stream bank where 
there was no abrupt bank face. This nest had no protection from predators 
such as is afforded by their usual nesting sites and yet it evidently contained a 
brood, for the parent birds were seen repeatedly entering the burrow with fish 
in their bills. 

















MARGAREE ESTUARY 

The Margaree estuary may be considered as that part of the river where 
there is a tidal rise and fall of water. This portion is about five miles in length 
and in the lower part is about half a mile in width. This part of the estuary 
contains young marine fishes, brackish-water fishes, anadromous species and 
some fresh-water forms which may be considered as strays. The upper, 
narrower part of the estuary is only slightly affected by the salt water and 
contains mostly fresh-water and anadromous species of fishes. 

In the lower part of the estuary besides the truly marine fishes which 
migrate into and out of the estuary the following species were commonly found 
during the summer. (a) In shallow water and close to shore: Fundulus hetero- 
clitus, F. diaphanus, Gasterosteus aculeatus, Gladiunculus wheatlandi, A pelltes 
quadracus. (b) In shallow and deep water but not usually near shore: Pomo- 
lobus pseudo-harengus jv., Salmo salar (smolts during migration and occasionally 
parr). (c) In shallow and deep waters but near the surface: all the species 
under (a) and also Menidia notata. 

Since the kingfisher feeds mostly upon those species which are either 
generally found in shallow water or those which swim near the surface, those 
listed under (a) and (c) were especially available. Although available, A. 





ung 
lain 
on 
the 
ible 
this 
Ver 


ver, 
iter 
the 
val 
ing 


the 


sual 


ipt- 
rth 


00k 
ing 
ere 
ors 
da 
fish 


ere 
eth 
ary 
ind 
er, 
ind 


ich 
ind 


les 
no- 
lly 


ies 


325 


quadracus was too small since no individuals found here were more than 1% 
inches (1 inch =ca. 2.5 cm.) in length, which is about the lower size limit of fish 
taken by kingfishers. 

Since pellets are found only under kingfisher perches which do not overhang 
the water, collections are restricted to places where such perches occur. Along 
the lower estuary there was a number of perches which were not reached by the 
tides and 36 pellets were secured here. These contained the bones of 59 
G. aculeatus, 54 F. heteroclitus, 21 F. diaphanus, 17 M. notata, 9 G. wheatlandi, 
2 P. pseudoharengus (jv.), 1 Pseudopleuronectes americanus (jv.), 1 unidentified 
marine fish and 9 salmon (6 smolts and 3 yearling parr). 

While our seinings and observations in the estuary showed that Gasteros- 
teidae and Fundulus were abundant in the shallow waters, they also indicated 
that Menidia were relatively scarce. However on account of their habit of 
remaining near the surface a relatively high percentage of the latter were secured 
by the kingfishers. During the smolt migration there were large numbers of 
smolts in the estuary, but it was quite evident that they, as also the gaspereaux, 
were comparatively unavailable through keeping to somewhat deep water. 
Very few salmon parr were observed in this area and yet remains of three were 
found in the food. It seems probable that since the parr found here are in 
brackish water which is not their proper habitat, they behave in an abnormal 
manner which makes them more available. The analyses of this collection of 
pellets indicates that in this area the kingfishers fed upon those fishes which 
they could most easily procure. 


COMPARISON WITH NORTHEAST BRANCH 


As one ascends most streams it will be found that the number of species of 
fishes gradually diminishes until in the uppermost tributaries the fish fauna is 
generally represented by a single species. In the estuary of the Margaree river 
there are some eighteen or more species of fish, including the marine fishes which 
enter the estuary. In the lower part of the Northeast branch six species occur. 
About fifteen miles upstream below the gorge four species are found. In the 
gorge only salmon, trout and eels were found, while in the smaller branches 
salmon and trout occur in the lower parts with trout alone occupying the 
uppermost parts. 

Since this investigation is concerned primarily with the relation of these 
birds to the salmon and trout, figure 1 has been constructed to compare the 
proportions that salmon and trout make of the whole food as found in pellets 
collected along the estuary in 1936 and up the Northeast branch in 1935. In 
this figure it will be seen that there is a marked difference in character between 
the food taken from the estuary and that taken from the Northeast branch, 
and as well a gradual change as the river is ascended. In the estuary salmon 
constituted only 5.2 per cent of the food while at Garden pool they formed 
66.6 per cent. At Ingrahams bridge some miles farther up stream it formed 
85.7 and at Big slide still farther up 87.2 per cent. Above this point trout 
(S. fontinalis) became relatively more important in the food. This linear 





Ficure 1. Percentages of salmon (solid black), trout (oblique bars) and 
other fishes (plain) found in kingfisher pellets collected as 
indicated on the map from the estuary of the Margaree river 
and up the Northeast branch. 
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series of pellet collections shows how the food of the kingfisher varies with 
progressive change in the fish fauna. 


LAKE AINSLIE AND SOUTHWEST MARGAREE 


SOUTHWEST BRANCH 


Since the Southwest branch has as its main source the comparatively large 
lake, Ainslie, it is little affected by floods. In part (near lake Ainslie) it is 
sluggish and it also has numerous backwaters and shallows. These parts are 
inhabited by Fundulus, Catostomus, Morone and various cyprinids and gasteros- 
teids. The swifter portions are inhabited chiefly by salmon and trout though 
other species, in particular the gaspereau (Pomolobus), at times pass through 
them. 

Along the banks of this stream there are few places suitable for their nests, 
but the kingfishers take advantage of local sand and gravel pits and other bank 
cuttings. Also as there are no sudden changes in water level, trees grow close 
to the river’s edge and overhang the river for the greater part of its length. 
This condition making it difficult to collect any considerable number of pellets, 
we have only four, collected about half way up the stream where the water was 
swift with no back waters in the vicinity. These contained the remains of 3 
gaspereaux (P. pseudoharengus), 3 salmon yearlings and 2 yearling trout (S. 
fontinalis). These pellets quite evidently cannot give an adequate picture of 
the feeding of the kingfishers along this branch, but they show that the food 
corresponds with the fishes available where the pellets were found. 


MATHESON GLEN BROOK 


About 1% miles below the outlet of lake Ainslie, Matheson Glen brook 
empties into the Southwest branch. This brook, which is subject to sudden 
freshets, has gravel beds and is used as a spawning stream by salmon and trout. 
The young of these two species were found in it but no other species of fish were 
observed. 

On July 2, 6 pellets were collected at several points from one quarter to one 
half a mile up this brook. These contained 10 yearling salmon, 1 yearling trout 
and 3 sticklebacks (G. aculeatus). As the latter were not found in the stream 
itself, they were probably picked up in the adjacent portion of the Southwest 
where they are known to occur. 


LAKE AINSLIE 


Lake Ainslie from which the Southwest branch arises is approximately ten 
miles long from the outlet to the head and four miles wide at its widest point. 
It has mostly marshy or rocky banks with no nesting sites along the lake for 
kingfishers. However, these birds are evidently able to find here, as elsewhere, 
nesting banks around gravel pits or road cuttings near the lake, since during 
July many young birds may be seen around the shores. The fish fauna of this 
lake consists of at least 14 species including Fundulus diaphanus, three cyprinids, 
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two gasterosteids, Catostomus commersonti, etc. Trout are found in all the small ¢ 
brooks entering the lake, while salmon use as spawning streams only those i 
brooks emptying into the eastern side and southern end of the lake. Of these i 
latter Trout brook is the chief and as found in 1935 (White tbidem) the king- t 


fishers feeding along it some distance above the mouth contained mostly young 
salmon and trout. Near the mouth, however, we found them feeding largely 
upon sticklebacks which were coming in from the lake and ascending the brook 
for a short distance in large numbers. Our observations along the lake in 1936 
indicated that kingfishers tended to concentrate near the outlets of other brooks 
where sticklebacks were abundant, and several part pellets found near the 
mouth of McKay’s brook at the south end consisted entirely of bones and plates 


TaBLe I. Composition of Kingfisher pellets collected in 1936. 
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of sticklebacks. Two pellets were picked up along the lake shore on the west 
side of the lake on July 2. These pellets contained the remains of two trout 
fry, two trout yearlings, three G. aculeatus, one P. pungitius and one C. commer- 
sonti (jv.). While these pellets are not regarded as giving an adequate picture 
of the food of the kingfisher around the entire lake, it is interesting to note that 
they contain the remains of five species of fish (over a third of the species 
reported from this lake) and like the pellets from the estuary are in marked 
contrast to those found in such places as upper Trout brook, or the upper 
Northeast Margaree where salmon and trout only were found in the pellets. 
While the kingfisher pellets collected in 1935 and 1936 from the Margaree 
do not give a detailed account of its food over the entire system, we feel that in a 
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general way they show that the food which this bird obtains depends upon what 
is locally available. In table I the results of the analyses of the pellets collected 
in 1936 are given. (Detailed pellet analyses of these collections are on file with 
the Biological Board of Canada). 


ApPLE RIVER ; 

Apple river is situated in Cumberland county, N.S. and empties into 
Chignecto bay some ten miles northeast of cape Chignecto. This river consists 
of two separate streams emptying into a common estuary (figure 2). The two 
branches are very similar in size and other characters and are locally known as 
the East and South branches. Since both of these streams possess alluvial flood 
plains and freshets occur of sufficient volume to cause caving of the banks, good 
nesting sites for kingfishers are available along several miles of the lower portion 
of each main branch as well as along parts of some of the smaller branches. 
The environments of this stream may be regarded as similar to those of the 
Northeast branch and estuary of the Margaree river. However, along Apple 
river the environments are more restricted since the Margaree is many times 
larger. In the more restricted habitats along Apple river there are at the same 
time smaller numbers of species of fishes to be found. In the estuary we found 
only 12 species and in the fresh-water parts commonly only 3, salmon, trout and 
eels, though smelts (O. mordax) and gaspereaux (P. pseudoharengus) are rare 
migrants at spawning time. Although kingfishers were common throughout 
the length of each branch, the collecting of pellets was rendered somewhat 
difficult in some parts by the fact that most of the kingfisher perches overhang 
the water. The relation of the two branches to the estuary and the places 
where the pellets were collected are indicated in figure 2. 


UPPER PART OF ESTUARY (A in figure 2) 

Twelve species of fish have been found in the estuary. Of these the 
commonest in shallow water are F. heteroclitus, G. aculeatus and P. pungitius 
which go to the very head. Young salmon are occasionally found and the 
tomcods (Microgadus tomcod) run in and out with the tides. The eel is present 
but all other species are rare in the upper part of the estuary. 


Since the estuarial waters are generally roily they do not afford very suitable 
conditions for the feeding of kingfishers. However, during low tide they often 
take fish both from the channel and from the tidal pools. Twelve pellets were 
collected in the upper estuary beneath perches on the dykes which at places 
confine the tidal waters to the channel. In close correspondence with the species 
available, these pellets contained bones of 22 F. heteroclitus, 4 P. pungitius, 3 
M. tomcod, 1 G. aculeatus, 1 unidentified marine fish and 1 two-year-old salmon. 


FLOOD PLAIN SECTION (B in figure 2) 


Following the stream this habitat extends for about half a mile above the 
head of tide on the South branch, but estuarial back waters and pools exist on 
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the flood plain of a secondary channel about one quarter of a mile from the 
place where pellets were collected. In the main stream at this point only salmon, 
trout and eels were found, while the back waters contained G. aculeatus, P. 





FicureE 2. Percentages of salmon (solid black), trout (oblique bars) and 
other fishes (plain) found in kingfisher pellets collected in the 
Apple river system as shown in the map. 


pungitius and F. heteroclitus. On the bank of the main stream beneath a single 
upright perch a pile of disintegrated inseparable pellets was found. The analysis 
of this material showed the bones of 5 yearling salmon, 3 sticklebacks (G. 
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aculeatus) and 2 F. heteroclitus. These pellets show that the birds using this 
perch had fed both from the fresh-water part of the river and from the estuary 
or the nearer brackish pools. 


MAIN UPPER WATERS (C and C; in figure 2) 

Above habitat B is the typical main part of the South branch which is the 
principal spawning ground for the salmon and where the young salmon are the 
dominant fish, with trout and eels also present. Unfortunately for the collecting 
cf pellets most of the kingfisher perches here are over the water and no pellets 
were found in this region, which we have termed C. The corrcsponding part 
of the East branch is C, where 5 pellets were collected. These contained the 
remains of 6 salmon and 3 trout. The salmon consisted of three fry-of-the-year, 
2 yearling parr and 1 two-year parr. The trout ranged from 4% to 5 inches in 
length. This habitat is quite comparable with that part of the Northeast 
Margaree near the gorge where the flood plains become restricted. 


HEADWATERS (D and E in figure 2) 


If one examines any of the tributaries of the stream he will find that just 
above their mouths they contain both salmon and trout, and that the salmon 
becomes less abundant as one ascends each tributary, trout alone occupying its 
upper part. Habitat D is a part of Barren brook at about the region where 
salmon are becoming scarce. Two pellets were found here and they contained 
trout remains only. Undoubtedly a larger number of pellets would show the 
presence of a few salmon in the kingfishers’ food in such a region. 

Habitat E in Murphy’s brook is above the range of the salmon. A part of 
this brook passes through cleared land and conditions were better for the 
collecting of pellets of which twelve were found. They contained a total of 
nineteen trout remains, among which there were three fry-of-the-year about two 
inches in length. It is interesting to note that the average trout taken by 
kingfishers from this stream was larger than that taken from the Northeast 
Margaree. In the larger streams trout of from five to six inches in length 
generally occupy water deeper than that available in these small branches and 
the deeper water probably affords them better protection from kingfishers. 

Figure 2 shows a part of the Apple river system with the positions of the 
various habitats A to E from which pellets were collected. In the upper part of 
the estuary, salmon constituted, by numbers, only 3.1 per cent of the fish remains 
found in the pellets. In the flood plain secton it constituted 50 per cent, and 
above this region in the main upper waters 66.6 per cent. In the latter habitat 
trout remains formed 33.3 per cent. while in the smaller branches trout remains 
only were found in the pellets. Here, as in the Margaree system, the kingfishers 
had fed upon those fishes which were available within their fishing range. 


REEDS CREEK 
Reeds creek is a small stream some ten miles from Apple river. This 
stream flows for a considerable distance through a salt marsh before entering the 
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sea. About a quarter of a mile above the marsh four pellets were collected 
along the stream. This area might be considered a combination A and D of the 
Apple river series. The kingfishers which had perched along this stream had 
fed both from the stream and from the pools of the salt water marsh. These 
pellets contained the bones of three trout and five F. heteroclitis. 


SUMMARY 

From the results of our analyses it may be stated that the kingfisher feeds 
upon those fishes which are most available within its feeding range. The results 
should not be interpreted as indicating that the kingfisher covers only a small 
range in its daily feeding but rather that, if it does cover a wide range, its fishing 
over such a range is done in a leisurely manner and since its digestive processes 
are rapid there is only a comparatively slight overlapping, as shown in the 
pellets, of the remains of fishes from adjacent habitats. 


AMERICAN MERGANSER 


In.our previous paper on kingfishers and mergansers (White ibidem) we 
have given the results of the analyses of stomach contents of 23 American 
mergansers (Mergus americanus) all collected from the Margaree river above the 
estuary. (Our analyses show the food to consist of 82.2 per cent salmon, 6.3 
per cent trout, 6.3 per cent killifish and 5.2 per cent sticklebacks). On the 
basis of sight records we stated in that report regarding the American merganser 
“non-nesting birds were present in considerable numbers in the estuary through- 
out the summer.”’ However, our collecting in the estuary this past summer has 
shown that most of the mergansers found there belong to the closely allied 
species, the red-breasted merganser (M. serrator). 


FEEDING HABITS 


To supplement observations on the behaviour of the wild birds we captured 
and reared one of the young. On July 4, by using a net stretched across the 
river, we took a number of half-grown young and one of these was retained and 
kept under observation until December 31. Throughout this time it was 
supplied with live or fresh fish daily and grew and matured in an apparently 
normal manner, as shown by its weighing 41 oz. (1 oz. = ca. 28 gm.) on November 
23 in comparison with 40 oz. for a wild young merganser shot at Chamcook 
lake, N.B., November 13. This bird was so thoroughly broken to tether that, 
fastened with a long light line, it could be permitted to feed as desired at 
convenient places along the streams. 


SWIMMING 


Young mergansers, even the small ducklings, have a wonderful develop- 
ment of the leg muscles and the feet are relatively much larger than they are in 
the adult bird. The wing muscles do not develop to any extent until the birds 
are nearly full-grown. They are strong swimmers and are able to ascend rapids 
while swimming beneath the water. 
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When the duck is swimming on the surface, at least when swimming slowly, 
strokes are made using the feet alternately with the legs projecting downwards 
and backwards. However, when it submerges, the legs are spread far apart, 
extending almost directly outwards from the body, and the feet may be used 
either alternately when following an irregular course or in unison to give the 
powerful, so-called frog-stroke, which gives maximum speed. We have never 
observed these birds using their wings for swimming beneath the water as is 
often reported for diving birds. 

The young birds are able to scuttle over the water with considerable speed; 
when they do this, the neck and body are held at an angle above the surface of 
the water. When feeding they often fill their gullets with fish and this extra 
weight in the outstretched neck tends to make them too heavy in front for 
successful scuttling. 


OBSERVING AND CAPTURING PREY 

Ordinarily in clear water, the merganser searches for its prey by swimming 
on the surface and looking into the water beneath the surface with its eyes 
submerged. This method of feeding requires clear water. At Apple river, 
where the water is clean, but with a slightly reddish cast, our captive bird could 
observe a fish in shallow water at a distance of about 10 feet. However, during 
high-water, when the water became red, its range of visibility was reduced to 
2 feet or less. The necessity of clear water for feeding, which could not be 
suspended for any length of time by the young ducks, may account for the 
breeding range of the merganser being somewhat restricted to the upper reaches 
of clear streams. 

On several occasions we have observed the feeding of the wild bird on the 
Margaree. When feeding in shallow water it swims on the surface and from 
lime to time submerges the head until the eyes are beneath the surface. With 
the head still submerged the bird will suddenly accelerate its speed to such an 
extent that the surface of the water is raised over its back in the form of a half 
cone. While rushing with amazing speed along the surface of the water, the 
bird will zig-zag or make complete turns. After pursuing a fish in this manner 
for some distance, it will submerge for a moment and then come to the surface 
to swallow its prey. By watching our captive bird catch fish we were able to 
verify the manner of fishing observed in the wild birds. Moreover, we found 
that when the pursued fish took refuge beneath a stone the merganser would 
often reach under the stone and capture the fish. If a number of small fish 
were available they were swallowed in succession beneath the water. 


DISGORGING FOOD 


When young birds which have recently fed are suddenly frightened, we 
have observed them disgorge the contents of their gullets with a single quick 
swing of the neck. We have found in the stream a partly digested trout which 
had been thus disgorged. Also, when our captive bird, before it had become 
tame, was frightened after feeding it would quickly disgorge the fish which it 
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had eaten. From guides on the Margaree we had heard that young mergansers 
were very wasteful in their feeding, for it was said that they would often disgorge 
numbers of young salmon. Evidently this belief is based on observations such 
as we have made. 





Foop CONSUMPTION 

In our previous paper we stated that ‘‘we have killed mergansers containing 
more than half a pound (250 gm.) of fish." That we might have a better idea 
of the food consumption of the merganser, accurate accounts were kept from 
time to time of the number and lengths or weight of the fishes eaten daily by the 
captive merganser. 

It became able to fly, although not fully grown, when it was being kept at 
Apple river in September. As we had no facilities there for weighing small 
fishes accurately, only the lengths of the fishes consumed by it were recorded. 
During the week September 29 to October 5 it ate the following:—24 tomcods 
(Microgadus tomcod) ranging from 634 to 1034 and averaging 8.3 in.; 26 smelts 
(Osmerus mordax) ranging from 5% to 8% and averaging 7.1 in.; 1 trout (S. 
fontimalis) of 7.5 in. The largest fish taken during this period was a tomcod 
1034 in. in length, 534 in. in girth and 634 oz. in weight. 

Later, at the Atlantic Biological Station, St. Andrews, where a constant 
supply of fish and weighing facilities were available, the weight of the fish eaten 
by this bird was recorded. From November 12 to November 30 inclusive, a 
period of 19 days, it ate 1834 lb. (1 lb. = .45 kg.) of fish. The fishes were of 
various species, all from the sea, principally young herring, about 5 in. in length, 
The average daily consumption was 15.7 oz., more than one-third of its weight, 
the daily range being from 6% to 24% oz. 

The rate at which the merganser will consume fish may be judged from the 
following. On November 26, at 9 a.m., this bird ate two young pollock, weighing 
3 oz. and 2% oz., also 2 oz. of small herring. A pollock weighing 2% oz. was 
left in the tank and had been eaten by 12 o'clock. At 1.30 p.m. it ate another 
pollock weighing 214 oz. and at 2.30 p.m., 4 oz. of herring. At 4.15 it took two 
pollock weighing 4 oz. and 2 oz. of herring; at 4.25 herring weighing 2 oz. were 
put in the tank and these had been eaten by 5 p.m. 


Foop ANALYSES OF THE’ YOUNG 





The food of the older birds has already been given (White ibidem) from 
material obtained in 1935. In that year we took only one bird that was less 
than half-grown. In 1936, however, we were able to secure a number of ducklings 
and partly grown young. 

Our first collection of five ducklings was obtained on June 23 from a flock 
of 12 young found feeding with the female, in a rocky part of Little river, 17 
miles north of the Margaree river. This habitat is typical of the places where 
the females are found with their young on such salmon streams. These birds 
were less than one-quarter grown, and contained remains of a total of 27 
yearling salmon. They had in them respectively 6, 8, 9, 3 and 1 salmon parr. 
These birds contained no food other than the salmon. 
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On the upper Northeast Margaree, just below the rocky gorge, six young 
mergansers about half grown were driven into a gill net and captured on July 4. 
We observed that several of the birds disgorged food when they became entangled 
in the net and all their stomachs, gullets and proventriculi were empty. Among 
fragmentary remains found in their gizzards were bones and scales of one 
yearling and one three-winter salmon parr. They contained a few vegetable 
fragments and one trichopteran case. On July 6 two ducklings, measuring 
1034 in. long, were shot near the same place. These contained 2 small trout, 
one plecopteran nymph and fragments of vegetable matter. On Forest Glen 
brook, which is a branch stream entering the Northeast Margaree a short 
distance below the gorge, two young birds about one-third grown were shot also 
on July 6. Birds of this flock were observed disgorging their food and a partly 
digested trout which had been disgorged was recovered from the stream. The 
two birds secured had no food in their gullets or proventriculi, but remains of 
salmonoid fishes were found among the gravel in their gizzards. 

On July 29, below the head of tide on the Margaree river, we secured six 
specimens of young mergansers from a flock of 12 young, which were accom- 
panied by the female. These birds were nearly full-grown but were still unable 
to fly. In this area there were the species of fishes which have been mentioned 
in the preceding section on kingfishers. These birds contained 1 yearling salmon 
parr, 6 gaspereaux (yearlings and 2-year-olds), 3 sticklebacks, 1 six-inch sucker 
and some vegetable fragments. 

These analyses of the stomach contents of the young birds show that while 
feeding up the rivers their food was almost entirely young salmon, with a small 
percentage of trout. In the estuary there were many species of fishes besides 
the salmon and trout, and.the five young birds collected in this area contained 
only one salmon parr. 


EFFECT ON FISH POPULATION 


In 1935, during our study of the American merganser on the Northeast 
Margaree, we concluded that this bird was responsible for a considerable 
depletion of the young salmon and trout in the upper reaches of this stream. 
This past summer observations in other areas confirmed our previous observa- 
tions. In various locations on the Margaree and its branches we found that 
young trout and salmon were very scarce in the open streams away from the 
well-travelled highways and human habitations, while near the latter they were 
abundant. We do not believe that these fishes had congregated in such places 
for protection, but that such sections represented typical sections of the stream, 
and the abundance of fish in such areas was due to the fact that most of the 
fish-eating birds, and especially mergansers, had been frightened away. 


SHIFTING OF FEEDING GROUND 


In our previous paper we have stated that ‘‘as the young become larger 
they are often brought down to the larger part of the stream.’’ Since our 
experience this past summer with the food consuming ability of this bird and 
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the examination of the streams where these birds have fed, we believe that this 
dropping down stream into larger fishing grounds becomes a necessity when the 
fish in the smaller streams become so scarce that the young ducks are unable to 
secure fish in sufficient numbers to sustain them. 


On Forest Glen brook we found a flock of young mergansers feeding on 
July 6, and the local warden reported that on several occasions previous to this 
date he had seen a flock several miles up this brook. On August 4, accompanied 
by Dr. A. G. Huntsman, we examined several miles of the stream and found 
trout and young salmon scarce. We did not see any mergansers or the manure 
splashes which indicate recent feeding along a stream. 


On June 23 we found a flock of young mergansers several miles up Little 
river and the warden reported the presence of several flocks. However, on 
August 10, we searched some five miles of this stream and did not find any 
mergansers. At this time, however, there were several flocks of well advanced 
young feeding on the estuary. On the Margaree river no young of the American 
merganser were seen in the lower part of the stream until they were well grown. 


SUMMARY 


The analyses of the food found in the stomachs of the young American 
mergansers shows that they had fed upon the fishes found in their habitat. 
Since up the streams where the broods are reared, young salmon are the dominant 
fish, they constituted the major item in the duck’s food. Trout are second in 


abundance and were second in importance in the food. When the broods were 
feeding in estuarial water, estuarial fishes were eaten. 


RED-BREASTED MERGANSER 


DISTRIBUTION AND NESTING 


On the Margaree river the red-breasted merganser (MM. serrator) is found 
mostly on the lower reaches of the stream, although this year, on July 4, a single 
female was taken far up the Northeast branch in the gorge. We were unable 
to get information regarding their nesting in this region, but apparently they 
nest at no great distance from the estuarial part of the river as the females with 
broods of recently-hatched ducklings were observed only in the lower reaches 
of the river. It wouid appear that they nest somewhat later than the American 
merganser and have larger broods. The latter species were found with from 
8 to 13 young, whereas broods of the red-breasted merganser consisted of 13, 14 
and 21 ducklings. We suspected that such a large flock as the last must consist 
of 2 broods of young, but on the several occasions when counted they were 
accompanied by only one female and there was no perceptible difference in the 
sizes of the young. The only losses among the various broods which we 
observed were those due to our collecting of specimens. 
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Foop OF YOUNG 


_ On July 9, eleven out of a flock of fourteen small ducklings from quiet 
water along the edge of the river, about half a mile above the head of tide, and 
with an average weight of 2.8 oz., contained the recognizable remains of 30 fish. 
None of the fish was over 2 inches in length and the species identified were 
young Catostomus commersonit, Gasterosteidae (G. aculeatus, P. pungitius) and a 
number of small unidentified fry-of-the-year (cyprinoid). The ducklings also 
contained a considerable number of ephemerid nymphs, mostly species of Siph- 
lonurus, but also several Baetis. Other insect remains found in their stomachs 
were small aquatic coleopterans and trichopterans, the latter in their cases. 
Some vegetable fragments were found in several of them, but may have been 
from the trichopteran cases. Another duckling taken on July 21, just above 
the head of tide, contained two small Fundulus diaphanus and one P. pungitius, 
as well as a large number of small bettle wings and some vegetable detritus. 


SHIFTING OF FEEDING GROUND OF YOUNG 


The young feed mostly along the quieter parts of the river pools and in the 
backwaters. Ducks with broods of small ducklings were observed also well 
down the estuary feeding along the edge of the tidal marsh. By the time the 
young were half grown all those found were feeding either in the tidal part of the 
river or in the quiet shallow bays along the seashore. A half-grown individual 
secured from a flock feeding in a shallow bay of the sea contained fifty-four 
freshly caught shrimp (Crago septemspinosus), but no remains of fish. In this 
same bay there were three females with separate broods feeding within a small 
area. 


NON-BREEDING BIRDS 


The non-breeding birds were found principally in the estuarial part of the 
stream, and a few miles up the river above the head of tide. Owing to the 
difficulty of shooting these birds in the wider parts of the estuary only one was 
obtained from that area. Eleven were secured from the upper part of the 
estuary and the stream above. These birds contained in the gullet and pro- 
ventriculus 45 salmon (45 parr, 2 fry), 17 Gasterosteidae (principally G. aculeatus), 
4 F. diaphanus, and among the grit in the gizzard teeth of 3 Tautogolabrus adspersus 
and spines from 2 cottids. The food most recently taken, and quite evidently 
from the river, consisted of 45 salmon and 21 other fishes, which gives, by 
number, 68.2 per cent salmon and 31.8 per cent other fishes. Since these birds 
fly back and forth between the sea and the river these analyses cannot be 
expected to give an adequate idea of what they take from the sea, but they do 
show the nature of the food taken while feeding in the river and upper estuary. 
The fact that three of these birds contained bones of cunners and one contained 
sculpin spines makes it clear that at times they feed upon marine fishes. How- 
ever, it appeared that in spite of considerable shooting along the lower part of 
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the river and upper estuary, where salmon parr were available, many of these 
birds were persistent in feeding over these areas. 


SUMMARY 


In comparison with the American mergansers the young red-breasted were 
found feeding mostly over areas not frequented by young salmon and no remains 
of salmon were found in them. The fully grown birds were confined largely to 
the estuary and a few miles of the river above tidal waters. In its feeding habits 
this species shows no marked difference from the other when in the same area. 











Egg-laying and Hatching Postures and Habits of the American 
Lobster (Homarus americanus) 


By W. TEMPLEMAN 
Memorial University College, St. John’s, Newfoundland 


(Received for publication April 1, 1937) 


ABSTRACT 


During egg-laying Homarus americanus rests ventral side upwards on the tips of its chelae 
and on the first two abdominal segments. The abdomen is curved, forming a pocket with a single 
opening between the telson and the bases of the fifth pereiopods. While hatching its eggs the 
animal supports itself on the tips of the walking legs and extends the abdomen upward at an angle 
of 20° to 45°. The swimmerets are waved violently. 


During the summers of 1933, 1934 and 1935 observations were taken of the 
hatching posture and in 1935 of the egg-laying posture in.the American lobster. 
These postures apparently have never been adequately described. The lobsters 
were kept in the basement of the Atlantic Biological Station at St. Andrews, in 
concrete tanks about 1.8 metres long and 1.2 metres wide, supplied with running 
sea water about 0.8 metres deep. 

The observations were made while the writer was engaged as Research 
Associate at the Atlantic Biological station at St. Andrews, N.B. 


EGG-LAYING 


Two lobsters were observed laying eggs. Unfortunately, most of the eggs 
had been extruded before the lobsters were observed and the total length of time 
required for egg-laying could not be exactly determined. 

During egg-laying both lobsters took up the position shown in figure 1, with 
the ventral surface upward and supporting themselves on the first two segments 
of the abdomen and the large claws which were stretched out behind. The cheli- 
peds were wide apart, forming an angle of almost 180 degrees with each other. 
The cephalothorax was elevated at an angle of about 35° and the abdomen com- 
pletely folded so that the setae fringing the uropods were apposed to the bases of 
the last pair of walking legs. The setae fringing the pleura of the abdominal seg- 
ments extending upward toward the uropods furnished an abdominal pocket 
completely closed, except that an opening several centimetres in diameter existed 
between the end of the telson and the bases of the last pair of walking legs. 
Through this opening the first pair of swimmerets only could be observed. Eggs 
passing from the openings of the oviducts at the bases of the second pair of walk- 
ing legs flowed downward six to eight abreast, and were carried into the abdominal 
pocket apparently by means of a current created by the first pair of swimmerets 
which beat at the rate of 15 or 20 times a minute. No eggs were observed to be 
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lost during the procedure, all passing into the abdominal pocket. When egg- 
laying was completed the cephalothorax was gradually lowered and the abdomen 
unfolded, allowing more sea-water to reach the eggs. In about 15 or 20 minutes 
the animals returned to their normal position and immediately turned over on 
their backs again, resuming their normal position after a further one or two 
minutes. In this position the telson and uropods are curved under the abdomen, 
protecting the eggs as is customary in berried females resting on the bottom. 

In a lobster which finished egg-laying at 4.35 p.m. and returned to its normal 
position at 5.02 p.m., the eggs were so firmly attached by 5.15 p.m. that when 
the lobster was removed from the water at this time they did not drop off under 
their own weight. At 5.15 the eggs were flattened and not yet rounded out. Both 
lobsters laid a full complement of eggs. 

The first observation was made on a lobster which completed egg-laying at 
4.35 p.m. on July 18, and the second on a lobster which finished laying its eggs at 


Ficure 1. Egg-laying posture in the American lobster 


3.35 p.m. on July 26. The lobsters were kept in the basement of the laboratory, 
dim light entering by a doorway. 

The only observations on the beginning of the egg-laying were made on a 
lobster which died very shortly, but it is believed that it behaved in normal 
fashion. Shortly after it turned on its back, the last pair of walking legs began 
bending backwards and forwards, with the dactyl rubbing over the surface of the 
annulus from behind forwards, and also rubbing over the bases of the second pair 
of walking legs where thé openings of the oviducts are located. These motions 
continued for twenty minutes. During this period also the second, third and 
fourth walking legs moved on their bases backwards and forwards, the body of 
the animal remaining steady. 


HATCHING 


Hatching was observed on scores of occasions. The female lobster always 
took up the position shown in figure 2, resting on the tips of the four pairs of 
walking legs with the large claws held out in front. The cephalothorax was held 
almost horizontally and the abdomen elevated at an angle varying from about 
20 to 45° with the horizontal. While the animal was in this position the swim- 
merets with the attached eggs were waved violently, creating a current which, 





341 


passing up the inclined plane of the abdomen, carried the larvae out beyond the 
tail fan and toward the surface of the water. Often hundreds of larvae were dis- 
charged in this operation, which usually lasted about half a minute, but might be 
repeated several times at short intervals. The young larvae rose immediately 
towards the light and swarmed close to the surface film. 

The lobsters were in darkness during the night and in light from an open 
door several metres away in the daytime. During the daytime hatching usually 
occurred in the morning shortly after the opening of the door and in the evening 
shortly before or after sundown. They could often be stimulated to hatch at 
night by turning on an electric light over the surface of the tank. A violent aera- 
tion of the water is also a stimulant to hatching. 

Anderton (1909) has made a similar observation on Homarus vulgaris, in 
which a violent aeration of the sea water was followed by hatching. 


Ficure 2. Hatching posture in the American lobster. 


In 1933, several lobsters ready for hatching were placed in screened boxes 
floating in the tanks and all the larvae hatching were collected and counted. The 
experiment was not a perfect one since, owing apparently to faulty circulation in 
the boxes, only about half of the eggs hatched, the remainder spoiling. At a tem- 
perature ranging from 11.9 to 14.1°C., the hatching period lasted 14 or 15 days. 
A female 27 cm. long hatched the following numbers on successive days (when a 
two-day period, the number is italicised) from June 30 to July 13: 7, 4, 94, 35, 
67, 325, 152, 66, 43, 21,4, 1. Similarly a female 25 cm. long hatched the following 
numbers on successive days (or two-day periods) from July 17 to August 1: 103, 
76, 174, 493, 278, 157, 146, 60, 50, 10, 4, 0. 


DISCUSSION AND CONCLUSIONS 


EGG-LAYING. 


Knight (1918) describes and figures the egg-laying position in the American 
lobster very differently, namely, as “that of a more or less erect frog’. In this 
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position it would be impossible for an observer to see the eggs passing from the 
openings of the oviducts to the curve of the abdomen, and since Knight does not 
mention any details to prove that the lobster laid eggs in this upright position, 
the description is of very doubtful significance. 

Scott (1902) describes the European lobster (Homarus vulgaris) as spawning 
almost exactly as we have described it, but states that the eggs flow from the two 
genital openings in a continuous stream one at a time and pass into the opening 
of the abdominal pocket. We failed to observe whether one or more eggs were 
liberated at once from the oviduct, but there was a stream of eggs six to eight 
abreast passing down over the bases of the last two pairs of walking legs. The 
period of oviposition in the lobster observed by Scott was just over four hours, 


HATCHING 


The posture described and figured by Knight (1918) as that assumed during 
the hatching by the American lobster differs from that we have described in that 
‘the animal rests on the tips of its great claws,”’ and ‘‘on the telson which is bent 
downwards at right angles to the body.’’ Also ‘the movements are limited to a 
gentle swaying backwards and forwards of the swimmerets.’’ Fabre-Domergue 
and Biétrix (1903), however, record observations on hatching in Homarus vulgaris 
which are essentially the same as our own on Homarus americanus. The posture 
described by Knight is that taken up by the lobster on many occasions, probably 
daily during its whole egg-bearing period, and the gentle movement of the swim- 
merets while in this position apparently serves for the aeration of the eggs. While 
undoubtedly if the eggs are ripe an occasional larva may free itself from the egg 


shell while the mother lobster is in the position described by Knight, this posture 
is certainly not the true hatching posture which, as observed by Fabre-Domergue 
and Biétrix for the European lobster and by the author on scores of occasions for 
the American lobster, is always in its essentials similar to our description. Again 
Knight’s description lacks details of actual larvae or numbers of larvae being set 
free while the lobster is in the position described by him. 
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Habits and Distribution of Larval Lobsters (Homarus americanus) 


By W. TEMPLEMAN 
Memorial University College, St. John’s, Newfoundland 


(Received for publication April 1, 1937) 


ABSTRACT 


In three weeks’ towing off Pictou, 319 first stage, 10 second, 2 third and 2 fourth stage lobster 
larvae were obtained. In the daytime at least, lobster larvae are largely concentrated at the 
surface and many thousands of crab larvae are captured with each lobster larva. Larvae are driven 
many kilometres offshore or onshore by the wind. First stage larvae were red in the daytime and 
blue at night in shallow water, and green in the daytime at the surface in deep water. All second, 
third and fourth stage larvae obtained were green. 


Since the work of Smith (1873), only a few observations have been recorded 
regarding the distribution of the larvae of the American lobster. These have been 
by Herrick (1895), Whiteaves (1901) and Leim (1937). Dr. A. W. H. Needler has 
given the information that he obtained one first stage lobster larva about 
11.00 a.m. on July 28 in a tow taken near the bottom (11 m. in Malpeque bay). 

Since, therefore, there was little information available on the distribution of 
lobster larvae, a search for them was conducted from Pictou to the gut of Canso 
from July 18 to August 7, 1936, using number 0 and 000 plankton nets of about 
1 metre diameter at the mouth. During this period, 319 first stage, 10 second 
stage, 2 third stage and 2 fourth stage were captured. If towing had been con- 
ducted only in the most suitable places, undoubtedly more than double this 
number of larvae would have been obtained. 

The work was done under the Biological Board of Canada, and thanks are 
due Dr. A. H. Leim for the co-operation of the Atlantic Biological Station at St. 
Andrews during the progress of the work. 

Table I shows the number of larvae captured in simultaneous one-hour tows 
at different depths by nets of approximately equal size and mesh. A rough com- 
parison is available of the efficiency of nets A and B. In 25 tows, during which 
nets A and B were towed at the surface simultaneously, one on each side of the 
boat, 145 larvae were caught in net A, no. 0 mesh, and 112 larvae in net B, no. 000 
mesh. Net C was no. 000 mesh and net Dno.0mesh. Each net was about 1 metre 
diameter at the mouth. In our surface tows the upper rim of the net was actually 
15 or 20 cm. above the surface. 


VERTICAL DISTRIBUTION 


Off Havre Bouché in 20 to 32 metres, 3 nets were towed from 11.00 to 12.00 
a.m., with the sky completely covered by clouds during a large part of the tow. 
In the surface net 41 first stage larvae were captured; in a net with the upper part 
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of the hoop about } metre below the surface, 6 first stage larvae were obtained 
and in a net 8 metres down, no larvae. Off Little harbour on August 3, during 
one hour’s tow at 2.00 to 3.00 p.m. in bright sunlight, a surface net obtained 4 first 
stage larvae, a net 2 metres down 1 first stage larva, and a net towed only 15 cm. 
or less from the bottom no larvae. Several other bottom tows were made on the 
same day but no larvae were obtained in them. In all tows in which simultaneous 
surface and deeper tows were taken a total of 15 hours’ towing at the surface from 
9.40 a.m. to 7.55 p.m. yielded 117 larvae, while 8 hours’ towing at depths from 
+ to 43 metres yielded 9 larvae, and 5 hours’ towing from 5} to 11 metres no larvae. 
The average catch per net per hour at the surface was 7.8 larvae, at } to 4} metres 
1.1 larvae, and from 53 to 11 metres no larvae. 


Number of larvae captured in simultaneous one-hour tows at different depths 






| | Number of larvae 























Depth |————_—_—_-,—__ , —-—_ | 
| | of Surface | Deeper | 
} | water | tows } | tows 
| | | (m.)  |— +1 |\— | |— 
| | | | Net | Net [Net Depth |Net|Net|Net| 
Date | Place Time of tow Condition | A B D (m.) | A}/A|C 
| 1936 | | | “of light |  Y 
Off Caribou........ | 5.10-6.20 p.m. | Bright sunlight.) 8.5 1 | 4.5 |0 
Off Caribou........ | 6.40-7.55 p.m. | Bright sunlight 8.5 | | 2] 4.5 | 0 
Off Little Harbour..| 12.30-1.30 p.m. | Bright sunlight 11 5 2 | 2.0 | | 10 
27| Off Little Harbour..| 2.00-3.00 p.m. | Bright sunlight.| 11 | 11] 2 | rsh. | i 
Off Lismore........ 9.40-10.40 a.m | Bright sunlight.| 22-28 2 3 | 9 | | 
Off Arisaig.........| 10.55-11.55 a.m.| Bright sunlight | 22-28 16 | 26 | | 5.5 
| during half of 
| tow. Sun cov- | | | 
ered by clouds | | | 
during re- | | 
| mainder | oa 
os 30) Off Havre Bouche...| 9.50-10.50 a.m.| Sun completely | 20-32 | 41 | |} 0.5 | 6 | 0 
| | covered by | ie 
| | | clouds | se 
2 3| Off Little Harbour. .| 12.20-1.20 p.m. | Bright sunlight.| 11 8 | 0.2 | 1 . 
| | | 8 } ¢ 
‘a 3| Off Little Harbour..| 2.00-3.00 p.m. | Bright sunlight.) 11 | 4 2) } 1 | ‘ 
| | | 11(2cm 1 0 
| | | or less 
| | | from 
| | bottom)| | | 
4 Off south side of | 3.15-4.05 p.m. | Sun and sky | 13 2 | 2 2 | 0 
Pictou island.... | com pret “ y | 
| covered by | | 
| clouds during | | 





whole tow 


Larvae were present at the surface during the whole period from 3.30 a.m. 
to 11.30 p.m., with light conditions ranging from brilliant sunlight to starlight 
and even to complete darkness during a rainy night. Large catches were made at 
the surface from 2.30 p.m. to 7.30 p.m. on July 23, when the sky was completely 
free from clouds and the sun shone brilliantly throughout the whole afternoon. 
Our greatest catch at the surface on our usual fishing grounds off Caribou or Little 
harbour was 23 larvae in 2 nets in an hour’s towing at mid-day on July 25, during 
a heavy rain storm with visibility only several hundred metres. A surface tow 
taken off Arisaig just before mid-day on July 28, with the sun covered by clouds 
during two-thirds of the tow, resulted in the capture of 42 larvae in 2 nets, while 
off Havre Bouché from 9.50 to 10.50 a.m. on July 30, with the sun completely 
covered during the whole tow, 41 larvae were captured in one net. 








RELATION TO DEPTH OF BotToM 


The number of larvae captured in an hour’s towing off Arisaig was about 
twice, and off Havre Bouché nearly four times as many per net as in our best tow 
off Caribou and Little harbour, where over 30 tows were taken. Off Arisaig the 
surface tow was taken in water 22 to 28 metres deep, and at Havre Bouché 35 to 
60 metres, while off Caribou and Little harbour the depth of the water at our 
towing stations was only 8.5 to 11 metres. Since in 1936 hatching in the inshore 
areas near Pictou had begun before the end of June, the prevalence of large num- 
bers of first stage larvae late in July in deep water areas may possibly be a result 


of the later hatching in these areas compared with that on the shallower parts of 
the coast. 


RELATION TO WIND 


On July 21, 22, and 23 there was a moderate east wind which blows onshore 
at Little harbour. On July 22, in 4 one-hour surface tows with 2 nets 1} km. off 
Little harbour from 11.30 a.m. to 3.30 p.m., with the sky completely covered by 
clouds during most of the tow, 27 first stage and 1 second stage larvae were ob- 
tained. On July 23, in 4 similar tows in the same locality from 2.15 p.m. to 7.15 
p.m. in bright sunlight, during all tows 54 first stage and 2 second stage larvae 
were captured. 

At 6.00 p.m. on July 23, a fresh southwest wind began to blow. This wind, 
which blew directly offshore at Little harbour, became very strong and blew con- 
tinuously from July 23 until 12.30 p.m. July 25. In a tow taken from 7.45 to 8.45 
p.m. on July 23, only 1 first stage larva was obtained, while in the previous tow 
11 first stage larvae had been captured. In this late tow on July 23, also, tremen- 
dous numbers of insects were obtained, which had drifted offshore after 6.00 p.m., 
since they were completely absent from the four previous tows. On July 24, 5 
similar tows at the same station off Little harbour from 10.45 a.m. to 4.00 p.m. 
yielded only 1 larva, a fourth stage lobster. The first two tows were taken in 
brilliant sunshine and the other three with the sun covered by clouds during a 
large part of the tow. 

The wind blowing offshore at Little harbour blew directly on the south side 
of Pictou island, and on July 25, from 10.30 to 11.30 a.m., with the sun completely 
covered over during most of the tow and the southwest wind still continuing, a 
single hour’s surface towing 3 km. off the south side of Pictou island yielded 6 first 
stage and 1 third stage larvae. The same 2 nets were used for each tow through- 
out the whole series of tows. 


SECOND, THIRD AND FOURTH STAGE LARVAE 


The 10 second stage, 2 third stage and 2 fourth stage larvae obtained were 
all taken in surface tows. 

Herrick 1911, says: ‘‘In the fourth stage the young lobster mounts to the 
surface and holds more persistently to it than ever before. Every observer is 
agreed that of all the free-swimming stages the fourth is the most commonly taken 
at the surface of the ocean, and especially in the brightest sunshine.”” These 
observations are radically different from our records of the capture almost entirely 
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in surface tows, 319 first stage, 10 second and 2 third stage larvae, while in the 
same tows only 2 fourth stage larvae were obtained. 

Herrick’s remarks are apparently largely based on the results of tows by 
S. I. Smith in July, 1871, in Vineyard sound, off Woods Hole, and on his own tows 
in the same locality mostly in July and August, 1889-1892. Nearly all the lobster 
eggs in the Woods Hole hatchery in the years 1890 to 1893 were hatched in June. 
In three of these years hatching began in late May and was over before the end 
of June (Herrick 1895). Herrick states that these results agree with what takes 
place in nature. Thus since Smith’s tows were taken in July and Herrick’s almost 
entirely in July and August, very few first stage lobsters would be present at this 
time. Consequently from Herrick’s and Smith’s results it is not possible to con- 
clude that the fourth stage larva spends relatively more of its stage period at the 
surface than do the earlier stages. 

From the available records (hatchery records and Dawson, unpub. MS.) 
hatching begins near Pictou usually about June 21, and consequently hatching is 
probably a month later than at Woods Hole, hence the predominance of first stage 
larvae in our tows in late July and early August as compared with the records of 
Herrick and Smith where fourth stage larvae predominated. 


CoLourR OF LOBSTER LARVAE IN NATURE 





First stage larvae caught at the surface during the daytime under all condi- 
tions of light, in 8 to 11 metres of water off Caribou or Little harbour, almost 
invariably were red with the red chromatophores well expanded. First stage 
larvae caught after sunset and examined one hour or more after sunset, were pale 
blue in colour, while the first stage larvae caught at the surface off Arisaig in 22 
to 28 metres and off Havre Bouché in 35 to 60 metres were bright green 
in colour, with the red chromatophores only noticeable in the legs and in the 
pleura of the abdomen. All second, third and fourth stage larvae were green in 
colour with the chelae, pleura of the abdomen and the telson dark red. 














CONCLUSIONS 

1. Lobster larvae, during the daylight hours at least, are much more concen- 
trated at the surface than at other depths. At progressively greater depths fewer 
larvae are captured. 


2. The largest captures of lobsters at the surface were obtained on cloudy 
or rainy days, but even in bright sunlight the larvae may be present in large 
numbers at the surface. 

3. Since the larvae spend much of their time at the surface they are driven 


by the wind and offshore winds may carry them many kilometres offshore with 
the surface water. 


4. Our capture at Pictou, largely at the surface, of 319 first stage and 2 fourth 
stage lobsters is radically different from Herrick’s and Smith’s captures at the 
surface in Vineyard sound of more fourth stage than first stage larvae. Since all 
tows were taken in July and August these differences are probably due to earlier 
hatching in Vineyard sound than off Pictou. 
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5. First stage larvae captured in nature in shallow water were red in daylight 
and blue at night, while those captured in daylight at the surface over deep water 
were green. All second, third and fourth stage larvae obtained were green in 
colour. 
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Hemipodia canadensis a new Polychaetous Annelid from Nova Scotia 


By AARON L. TREADWELL 
Vassar College 


(Received for publication May 10, 1937) 


ABSTRACT 


Henipodia: Notal lobe of parapodium absent; prostomium like Glycera. Not previously 
recorded from eastern coast. 


Famity GLYCERIDAE 
HEMIPODIA QUATREFAGES ANT. 
In December of 1936, Dr. A. H. Leim, Director of the Atlantic Biological 


Station at St. Andrews, N.B., sent me for study a collection of polychaetous 
annelids taken from haddock stomachs. Among these are a few specimens of 
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FiGURE 1—Parapodium x 65. FiGure 2—Simple seta x 250. 
FicurE 3—Compound setae x 250. 


Hemipodia which appear to be a new species. McIntosh, in his Monograph of the 
British Annelids (Polychaeta, pt. 2, p. 477, The Ray Society, 1910), states that 
no members of this genus have been recorded from British waters and so far as I 
can discover, none are listed from the eastern North American coast. McIntosh 
(loc. cit.), says that the genus is mainly found in the southern hemisphere. 


Hemipodia canadensis new species 


The type specimen is badly distorted, which makes accurate measurements 
impossible, but is approximately 90 mm. long. The head region is 2 mm. wide. 
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At somite 30 there is a body width of 4 mm. and from here there is a gradual 
narrowing to the posterior end. The pygidium is intact but no anal cirri are 
present. The conical prostomium is 1.25 mm. long. Possibly because of macer- 
ation in the fish stomach neither terminal tentacles nor annulations are visible. 
The protruded proboscis is 10 mm. long, 0.2 mm. wide at the base and 5 mm. wide 
at the apex. Because the proboscis is protruded in all specimens there is too much 
distortion of the head region to allow of accurate drawings. 

An anterior parapodium (figure 1) has a short rounded posterior lip (not 
shown in the figure which is drawn from an anterior view). The anterior lip 
widens slightly just beyond the base and then narrows in a slightly asymmetrical 
fashion. At its narrowest point is carried an elongated, oval, cirrus-like lobe. 
On the dorsal surface of the lip is another cirrus-like lobe about as long as the one 
at the apex but narrower. The dorsal cirrus is a very small dark brown papilla 
on the body wall at a considerable distance from the parapodium. The ventral 
cirrus is heavy, bluntly rounded at the apex and shorter than the setal lobe. 
There is a single acicula running to the base of the setal lobe. The dorsalmost 
setae lie between the posterior lip and the dorsal lobe of the anterior one. The 
dorsal ones of these are shorter than the dorsal lobe but ventrally in the bundle 
they gradually increase in length, the ventral ones being twice as long as the lobe. 
The setae (figure 2) curve gently to very acute points and are toothed along their 
curved ventral margins. Two other seta tufts occur, one above and one below 
the acicula. These setae are all compound. In some cases the basal joints are 
homogomphous, in others they are slightly heterogomphous (figure 3). The ter- 
minal joint is slender, sharp-pointed and toothed on the concave border. 

The type is from 43°10’N., 63°00’W. Another specimen was taken in Halifax 
harbour. 


































Biological and Oceanographic Conditions in Hudson Bay 
11. Echinoderms of Hudson Bay 


By Austin H. CLARK 
U. S. National Museum, Washington, D.C. 


(Received for publication April 8, 1937) 


ABSTRACT 


For an arctic area Hudson bay appears to have an unusually meagre representation of 
echinoderms, both species and individuals being few in numbers. The echinoderm fauna includes 
29 species, all high arctic forms none of which are peculiar to or especially characteristic of the 
region. The largest number of species is known from the southeastern portion; but here the 
greatest amount of collecting has been done. The relative richness of the several sections of the 
bay would appear to be, the west (richest), southeast, central, northwest, northeast and southwest 
(poorest). 


The work of the Hudson Bay Fisheries Expedition of 1930 carried out on 
the SS. Loubyrne under the direction of Mr. H. B. Hachey, Officer-in-Charge, 
has greatly amplified and extended our information regarding the echinoderm 
fauna of Hudson bay and its local distribution. 

For many years the only echinoderm known from Hudson bay was the 
common northern sea-urchin, Strongylocentrotus drébachiensis, which was 
recorded in 1865 by Alexander Agassiz on the basis of specimens that had been 
collected by Constantin Drexler in James bay in 1860 and sent to the Smithsonian 
Institution in Washington. 

In 1898 Mr. Andrew Halkett published lists of some of the animals that had 
been collected by Dr. William Wakeham and Mr. A. P. Low on the Diana 
expedition in the summer of 1897, chiefly in Hudson strait and in Ungava bay. 
The echinoderms recorded were the following: 

Between King George sound and bottom of Ungava bay, Strongylocentrotus 
drébachiensis, Asterias, sp. (probably Leptasterias polaris); Off Churchill, 
Manitoba, Ophiurans; King George sound, S. drébachiensis, Cucumaria frondosa, 
Psolus phantapus; and south shore of Hudson strait, S. drébachiensis, C. frondosa, 
P. phantapus, Crossaster papposus. 

In 1920 the author recorded a number of species from the east side of 
Hudson bay that had been collected by A. P. Low in August, 1898; from the 
northwest side of Hudson bay collected by G. Comer in 1907-09; and from 
Churchill collected by J. M. Macoun in September, 1910. 

In 1922 the author recorded twelve species that had been collected by 
Frits Johansen in southeastern Hudson bay in July-September, 1920, together 
with specimens of the six-rayed starfish Leptasterias polaris taken at Churchill 
in 1900 by E. A. Preble. In the same paper Dr. Hubert Lyman Clark recorded 
two holothurians from Johansen’s collection. 





350 
J. Biot. Bp. Can. 3 (4) 1937. 






















351 


Twenty-nine species of echinoderms are now known from Hudson bay, all 
of which are high arctic forms. From the waters directly to the north the 
author recorded in 1936 Ophiopus arcticus, Stegophiura nodosa, Amphiura 
sundevalli, and Stephanasterias albula, all small and inconspicuous species; and 
from the seas west of Greenland we know in addition Eupyrgus scaber, Ophioscolex 
glacialis, O. purpureus, Pontaster tenuispinus, and Icasterias panopla. Most, 
perhaps all, of these may be expected to occur in Hudson bay. 

In Hudson bay the largest number of species is known from the south- 
eastern section, including James bay. But this is the region where the greatest 
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amount of collecting has been done. If we compare the list of the 20 species 
1 known from southeastern Hudson bay with the list of 17 known from the 

western portion we find 12 species common to both lists, 8 species that have not 

been found in the west, and 5 species that have been not found in the east. 

The differences in the two lists are of no real significance. It is unlikely 
| they mean anything further than that echinoderms as a whole are not abundant 
| in Hudson bay. Much more work is therefore required in each locality, and in 

the bay as a whole, before all the local echinoderms are discovered. 
The relative scarcity of echinoderms in Hudson bay may be judged from 
the fact that in the northwest section echinoderms were dredged by the Loubyrne 
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at 4 out of 6 stations; in the western section at 10 out of 11 stations; in the 
southwestern section at 1 out of 7 stations; in the central section at 7 out of 
9 stations; in the southeastern section at 4 out of 5 stations; in the northeastern 
section at 3 out of 6 stations; and in the extreme northeast at 2 out of 4 stations, 
For the area as a whole only 31 out of 48 stations, or about 64% yielded 
echinoderms. Generally speaking, one expects that in Arctic seas every haul 
on a bottom of mud, stones and gravel will yield echinoderms. 

Assuming that echinoderms were preserved whenever found, the figures just 
given would indicate a relative richness of the different sections of Hudson bay 
as follows: 


West 91% _ of hauls yielded echinoderms 
Southeast — e Pe 
Central — : 

Northwest 66% 

Northeast ere. o ” 
Southwest a - . 


The author is deeply indebted to Professor A. G. Huntsman for the privilege 
of studying the interesting and informative collection made by the Loubyrne, as 
well as other collections from Hudson bay. He wishes also to express his 
appreciation of the excellent work done by Mr. Hachey in bringing together 
such a comprehensive representation of the echinoderms of this region. 


LIST OF THE SPECIES IN THE LOUBYRNE COLLECTION 


The numbers and locations of the Stations are shown in figure 1. 


Crass CRINOIDEA 


Heliometra glacialis (Leach), [A. H. Clark 1922]. 


Localities. Stations 12 (3 specimens), 14 (2 specimens), 22 (1 small 
specimen and part of an arm of a larger individual), 23 (1 specimen), 753 (1 
specimen). 55 to 63 fath. (1 fathom equals 1.8 metres) mud or mud and 
stones. 











Crass ECHINOIDEA 


Strongylocentrotus drébachiensis (0. F. Miller), [Agassiz 1865; Rathbun 

1886; von Hofsten 1915; A. H. Clark 1920 and 1922]. 

Localities. Stations 6 (1 specimen), 7 (1 specimen), 9 (1 specimen), 34 
(1 specimen), 39 (1 specimen), 43 (1 specimen), 51 (1 specimen), ?53 (1 specimen). 
30 to 88 fath., mud or stones. 

Notes. The specimens from stations 34, 43 and 51 have numerous and 
conspicuous very large pedicellariae on the abactinal surface. 


Crass HOLOTHUROIDEA 


Cucumaria frondosa (Gunnerus), [A. H. Clark 1920 and 1922; H. L. Clark, 
1922]. 
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Locality. Washed up on the beach, Hudson bay side of the cape Merry 
peninsula, Churchill, Manitoba; Frits Johansen, middle of October, 1929 
(2 specimens). 

Psolus fabricii (Diiben and Koren), [A. H. Clark 1920]. 

Localities. Stations 11 (1 specimen), 18 (1 specimen). 30 to 76 fath., 
gravel and rocks or mud and stones. 
Psolus peronii Bell 


Localities. Station 15 (1 specimen). 55fath., mud and stones. Washed 
up on the beach, Hudson bay side of the cape Merry peninsula, Churchill, 
Manitoba; Frits Johansen, middle of October, 1929 (19 specimens). Washed 
up on the beach at Port Churchill, cape Merry peninsula side; Frits Johansen, 
October 6, 1929 (4 specimens). Washed up on the beach, Hudson bay side of 
Port Churchill; Frits Johansen, summer of 1929 (5 specimens). 

These specimens were identified by Miss Elisabeth Deichmann. 


Psolus phantapus (Strussenfelt) 

Localities. Station 39 (1 specimen), 30 fath., mud. Washed up on the 
beach, Hudson bay side of the cape Merry peninsula, Churchill, Manitoba; 
Frits Johansen, middle of October, 1929 (27 specimens). 

Myriotrochus rinkii Steenstrup 

Locality. Station 23 (1 specimen), 55 fath., mud and stones. 

Chiridota, sp. 


Localities. Stations 22 (4 specimens), 37 (1 specimen), 40 (1 specimen), 
42 (5 specimens). 32 to 78 fath:, mud or stones. 


Crass OPHIUROIDEA 


Gorgonocephalus arcticus (Leach) 

Localities. Stations 6 (1 specimen), 42 (arm tips). 42 to 78 fath., stones 
and mud. 
Ophiacantha bidentata (Retzius), [A. H. Clark 1922]. 


Localities. Stations 18 (1 specimen), 19 (2 specimens), 22 (1 specimen), 
28 (1 specimen), 34 (1 specimen), 36 (2 specimens), 42 (arm fragments), 43 
(1 specimen). 32 to 82 fath., mud and stones. 


Ophiopholis aculeata (Retzius), [A. H. Clark 1920]. 


Localities. Stations 6 (1 specimen), 12 (5 specimens), 15 (4 specimens), 
18 (2 specimens), 23 (2 specimens), 31 (1 specimen), 39 (1 specimen). 30 to 
76 fath., gravel or mud and stones. 


Ophiura sarsii (Liitken), [A. H. Clark 1920]. 


Localities. Stations 8 (1 specimen), 19 (2 specimens), 20 (1 specimen), 21 
(2 specimens), 22 (1 specimen), 33 (2 specimens), 34 (2 specimens), 35 (2 
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specimens), 36 (3 specimens), 37 (2 specimens), ?53 (2 specimens). 
fath., mud chiefly, or mud and stones. 

Notes. The specimens from station 21 have the disks 25 and 27 mm. in 
diameter. In the larger specimen from station 33 the disk is 28 mm. in diameter 
and the border is strongly concave in the interradial areas; in three radii the 
mouth papillae are absent, and they are much reduced in the other two. 


16 to 88 


Ophiura robusta (Ayres), [A. H. Clark 1920 and 1922}. 
Locality. 30 fath., mud. 
Ophiocten sericeum (Forbes), [A. H. Clark 1920 and 1922). 


Localities. 
mud and stones. 


Station 39 (1 specimen). 





Stations 19 (1 specimen), 33 (2 specimens). 72 to 82 fath., 







Crass ASTEROIDEA 


Ctenodiscus crispatus (Retzius) 
Localities. 





Stations 23 (1 specimen), 46 (1 specimen). 


55 to 82 fath., 
mud and stones or rocks. 











Poraniomorpha tumida (Stuxberg) 


Locality. Station 42 (2 specimens). 78 fath., stones. 
Notes. Both these specimens agree with Danielssen and Koren’s variety 
tuberculata. 





Henricia sanguinolenta (O. F. Miiller) 







Localities. Stations 6 (1 specimen), 36 (1 specimen). 42 to 82 fath., mud 
and stones. 
Notes. In the specimen from station 6, R = 75 mm., and r = 13 mm.; 


the specimen from station 36 is smaller. 


Solaster endeca (Linné), [A. H. Clark 1920]. 


Locality. Station 37 (1 specimen with 9 arms). 67 to 76 fath., mud. 


Crossaster papposus (Linné), [A. H. Clark 1920 and 1922}. 


Localities. Stations 14 (1 specimen), 18 (2 specimens), 23 (1 specimen), 
34 (1 specimen), 38 (1 specimen), 39 (3 specimens), 40 (1 specimen), 42 (3 
specimens), 46 (1 specimen), 47 (1 specimen), 50 (1 specimen); northwest 
Hudson bay, 1930 (3 specimens). 10 to 82 fath., rock, stones, gravel or mud. 

Notes. The specimen from station 40 has 11 arms, one of the three speci- 
mens from northwest Hudson bay has 12 arms, the specimen from station 38 
has 13 arms, and the three specimens from station 39 have 11, 12 and 13 arms; 
the others all have 10 arms. 










Lophaster furcifer (Diiben and Koren) 
Localities. Stations 31 (1 specimen), 50 (1 specimen), ?53 (3 specimens). 
41 to 88 fath., gravel, stones or mud. 
Notes. In the specimen from station 50, R = 65 mm. andr = 20 mm. 
the largest specimen from station 753, R = 90 mm. andr = 








In 
35 mm.; the width 
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of the arms at base is 35 mm. ___In this specimen all the spines, including those 
of the paxillae, are enclosed in thick bags of skin so that the animal, without 
preparation, is almost unrecognizable. One of the three specimens from station 
253 is very small and delicate. 


Pteraster obscurus (Perrier) 
Locality. Station 51 (1 specimen), 57 fath., stones. 


Pteraster militaris (O. F. Miiller) 
Locality. Station 6 (3 specimens), 42 fath., stones and mud. 


Leptasterias polaris (Miiller and Troschel), [A. H. Clark 1920 and 1922 (as 

acervata borealis); Fisher 1930}. 

Localities. Station 38 (1 specimen), northwest Hudson bay, 1930 (1 
specimen), 10 to 14 fath., gravel and stones. Washed up on the beach, Hudson 
bay side of cape Merry peninsula, Churchill, Manitoba; Frits Johansen, middle 
of October, 1929 (17 specimens). Washed up on the beach in cove on Hudson 
bay side of cape Merry peninsula, about three miles (4.8 km.) from Churchill; 
Frits Johansen, September 29, 1929 (3 specimens). Washed up on the beach 
on the cape Merry side of the mouth of Churchill river; Frits Johansen, October 
1929 (1 specimen). Washed up on the beach at the mouth of Churchill river; 
Frits Johansen, October, 1929 (8 specimens). Washed up on the beach, Hudson 
bay side of Port Churchill; Frits Johansen, summer of 1929 (1 specimen). 


Leptasterias, sp. 

Description. Large and stout with the 5 arms high and strongly arched, 
rather rapidly tapering to a sharply rounded tip, abruptly constricted at the 
base. R = 1385 mm.;r = 25 mm. 

Abactinally the spines are very numerous, usually single, sometimes in 
groups of two or three, short, inconspicuous, usually cylindrical, the larger 
commonly broadening upward and the smaller tapering slightly, broadly trun- 
cated, with the tip, projecting beyond the sheath, rounded and roughened, often 
obscurely striate. Each spine bears a single complete ring of crossed pedicel- 
lariae at the summit of the sheath. 

The papular areas are numerous and irregularly spaced; they contain usually 
from three to six papulae. Laterally the papular areas become larger with more 
papulae, and less irregular, the series above the superomarginals forming a 
continuous row in the proximal half of the arm, becoming smaller, more separated, 
and more irregular distally. 

The madreporic body is fairly large, 5 mm. in diameter. It is situated 
about 10 mm. from the centre of the disk and is bordered by an incomplete and 
irregular row of small spines, each with the usual ring of pedicellariae. 

Crossed pedicellariae are very numerous, in the papular areas forming 
groups of from six to thirty or more (usually 12-15), so that the abactinal surface 
seems to be evenly and rather closely granulated between the spines and ridges. 
The outer portion of the jaws is expanded and the outer border is usually strongly 
and evenly rounded, forming almost a half circle; occasionally there is a slight 
rounded notch in the middle of this border. 
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Much larger straight pedicellariae are fairly common. These are flattened 
subconical with the tips of the jaws rather abruptly rounded, or rarely with a 
median notch. 

The dorsal skeleton is irregularly reticulate, close meshed, with no carinal 
series of plates evident. 

The superomarginals at the base of the arm are dorsolateral, from this 
point running rather rapidly downward so that in the outer half of the arm they 
become lateral. In the basal half of the arm they form a somewhat irregular 
row, becoming more regular distally. Each superomarginal bears one (rarely 
two to five) small slightly tapering spine which is larger than the abactinal spines 
and carries a wreath of usually three rows of crossed pedicellariae. 

The inferomarginals at the base of the arm are midway between the 
superomarginals and the actinal plates, or somewhat nearer the latter, widely 
separated from both by broad papular areas. At about the end of the proximal 
third of the arm the superomarginals, inferomarginals and actinals come into 
contact and so continue to the arm tip. The inferomarginals each typically 
bears a single spine resembling that on the superomarginals; rarely there are two 
spines, or a group of several small spines. 

At the arm base there are two rows of actinal plates which just before the 
middle of the arm become reduced to a single row. Each plate bears a single 
spine resembling the spines on the marginals and, like them, bearing a dense 
wreath of usually three rows of pedicellariae. 

The adambulacral plates carry two spines (diplacanthid), sometimes three, 
which are as long as those on the marginals but much more slender and tapering; 
each bears a thick wreath of pedicellariae. The basal adambulacral spines, 
near the mouth plates, are the longest. The pairs of spines on alternate plates 
are nearer to or farther away from the furrow, the outer spine on each second 
plate lying opposite the gap between the spines on the intervening plates, so 
that superficially there appear to be four rows of adambulacral spines. Near 
the arm tip the order becomes more or less irregular, and the spines are here 
typically two and one on alternate plates. 

Large straight pedicellariae are common in the channel between the 
marginals, between the infercmarginals and the actinal plates, and also on the 
adambulacral spines. 

Papulae occur singly, or in groups of two or three, between the infero- 
marginals and the actinal plates. 

The ambulacral pores are unusually narrow. 

The mouth plates bear four long spines with scattered straight pedicellariae. 

The ducts from the gonads run laterally to the interradial angles which they 
join about at the level of the inferomarginals, and then run downward. There 
are two separate ducts in each interradius. 

Locality. Northwest Hudson bay; collected by the Loubyrne, 1930. 

Notes. Just what species this large starfish represents is not an easy matter 
to determine. At first I was inclined to regard it as representing a new form, 
but later I came to the conclusion that it was probably a variant of some other 
species, possibly a giant L. groenlandica. 
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In order to settle the question I sent the specimen to Professor Walter K. 
Fisher, the outstanding authority on the starfishes of this difficult group. 

Professor Fisher said that although it does resemble groenlandica he does 
not think it can be referred to that species. 
“It does not look normal. Proximally the marginals and actinals are too irregular. If you look 
at the distal half of the best ray you are reminded of polaris (which is very variable.) There are 
some specimens of polaris quite close to this abactinally. The profuse adambulacral pedicel- 
lariae are also characteristic of polaris, which also may have a few of the proximal adambulacral 
plates with three spines, but usually does not. This specimen has a considerable number of 
plates with three... . The pedicellariae are nearer to polaris than to groenlandica.” 

Professor Fisher’s tentative conclusion was that this specimen may be a 
five-rayed abnormal individual of L. polaris. 


Leptasterias miilleri (Sars) 

Localities. Stations 7 (1 specimen), 12 (1 specimen), 43 (1 specimen). 31 
to 82 fath., mud and stones. 

Notes. In the specimen from station 12, R = 87 mm. 


Urasterias linkii (Miiller and Troschel), [A. H. Clark 1920 and 1922]. 
Localities. Stations 42 (1 specimen), 43 (1 specimen). 78 to 82 fath., 
stones or mud and stones. 


REFERENCES 


AGassiz, ALEXANDER. Proc. Bos. Soc. Nat. Hist. 9, 191-193, 1865. 
Mem. Mus. Comp. Zool. 3 (1) i-xii, 1-242, 1872. 
Crark, A. H. Rep. Can. Arctic Exped. 1913-18, 8 (C) 1C-13C, 1920. 
Contr. Canad. Biol. 1 (2) 23-25, 1922. 
J. Wash. Acad. Sci. 26 (7) 294-296, 1936. 
Crark, H. L. Contr. Canad. Biol. 1 (2) 25, 1922. 
FisHER, W. K. Bull. U.S. Nat. Mus. 76 (3), i-iii, 1-356, 1930. 
HALKETT, ANDREW. List of zoological specimens, etc., ... Rep. Exped. Hudson bay and 
Cumberland gulf Steamship ‘‘Diana’’. Sess. Pap. Canada 32 (9, 11b) 80-83, 1898. 
von HorstTEN, Nits. K. Svenska Vetensk Akad. Handl. 54 (2) 1-282, 1915. 







































































A Shell Disease in Lobsters (Homarus americanus) 
Caused by Chitinovorous Bacteria 


By Ernest Hess 
Atlantic Fisheries Experimental Station 


(Received for publication May 31, 1937) 


ABSTRACT 


Chitinovorous bacteria have been isolated from lobsters (Homarus americanus) showing 
a peculiar shell disease. Cases are reported (1936) from ten widely separated localities in 
Cape Breton, Prince Edward Island and Magdalen islands. A regular epidemic occurred in 
a lobster pound at Yarmouth, N.S. 

All isolated strains attack strips of purified chitin in Benecke’s saline medium in a char- 
acteristic manner, 


In a number of recent papers it has been shown that the faculty of destroying 
chitin does not belong to a single genus of micro-organisms but may be found 
among various otherwise unrelated groups, differing both as to their morphological 
as well as cultural characteristics, and belonging to the Eubacteriales as well as the 
Actinomycetes and molds. 

Such chitinovorous micro-organisms have been isolated from a wide variety of 
sources, such as the water and bottom mud of fresh water lakes (Steiner 1931; 
3enton 1935), soil (Stoermer 1908; Folpmers 1921; Jensen 1932; Benton 1935; 
Bucherer 1935; Dravis and Skinner 1936), compost heaps (Rammelberg 1931; 
Benton 1935), decaying fruiting bodies of basidiomycetes (Benecke 1905; Johnson 
1932; Bucherer 1935), decaying crayfish (Benton 1935), decaying crabs (Johnson 
1932; Bucherer 1935) and the alimentary tract of birds, bats, frogs and fishes 
(Benton 1935). 

Isolations of marine origin were recorded from harbour water and rotten 
plankton at Kiel (Benecke 1905; Folpmers 1921), at Heligoland (Bucherer 1935) 
and from the sea bottom mud near Monaco (Bertel 1936). 

In short, the organisms seem to occur abundantly in places where dead organic 
matter undergoes decomposition, and it is most likely, although not proven, that 
they play an essential part in the disintegration of chitin in dead plant and animal 
tissues. 

This paper deals with a recently observed occurrence of chitinovorous bacteria 
on live lobsters (Homarus americanus), which are afflicted with a peculiar shell 
disease. 

Early in 1936 our attention was drawn to the appearance of peculiarly “pitted”’ 
shells of live lobsters (figure 1), found in a lobster pound at Yarmouth, N.S., after 
the lobsters had been impounded for several months during the winter of 1935-36. 
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Bacteriological examination of the affected parts of the shells, of the wood from 
the floats in which the lobsters were kept, and of the muddy slime covering the 
floats, yielded mixed cultures of bacteria from which chitinovorous types could be 
isolated. 

Since the lobsters kept in the Yarmouth pound had been collected from various 
parts of the Maritime provinces during the previous fall months, it was impossible 
to determine whether the infection was of local origin (the floats, or “cars”, were 
anchored over muddy bottom), or whether the chitinovorous organisms had been 





Ficure 1. “Pitted” shell of cephalothorax and abdomen of an affected lobster. 


imported through affected lobsters from outside. Due to the comparatively close 
confinement of the lobsters and the long period of storage there was ample oppor- 
tunity for infection to spread throughout the large number of lobsters held alive 
in the pound. 

On a field trip through lobster fishing centres in Nova Scotia and the Mag- 
dalen islands, P.Q., during the fishing season of 1936, attention was paid to the 
possibility of observing similarly affected live lobsters being landed directly from 
the fishing grounds. At Pictou, N.S., seven such lobsters were obtained around 
the middle of June, and some of them later examined bacteriologically with identical 
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results as in the case of the “Yarmouth” lobsters, although the shells were not 
affected to such an extent. The lobsters landed at Pictou could be traced to various 
localities, namely: Pinette and St. Peters bay, Prince Edward island, and Port 
Hood and St. Peters, Cape Breton island. During the first week of July two 
similar lobsters were reported at Amherst, Magdalen islands, one of which was 
traced to Bryon island at the extreme northern end of the Magdalens. Dr. W. 
Templeman (personal communication) observed three similarly affected live lob- 
sters also early in July, one at Cheticamp and two at Glace bay, Cape Breton island. 
None of these latter lobsters was examined bacteriologically. 

Although the occurrence of affected lobsters has thus been reported from 
widely separate fishing grounds, they are not common. While such lightly affected 
lobsters might easily escape the attention of the fisherman or lobster dealer, close 
examination by Dr. Templeman of from 500 to 1,200 lobsters at each of 8 different 
localities in Cape Breton, that is a total of well over 5,000 lobsters, yielded only 
3 affected lobsters. 

No previous observation of chitinovorous bacteria attacking chitin substance 
of live animals has been reported in the literature, which consists of approximately 
11 papers, 8 of which were published within the last six years. 

While most of the affected lobsters from the fishing grounds were found to be 
only slightly injured with no apparent effect upon their vitality, those impounded 
at Yarmouth over winter showed all parts of the shell badly attacked, body, tail, 
claws and legs (figure 1). These lobsters were “weak”, and required very careful 
handling. 

The chitinovorous bacteria isolated from the “Yarmouth” and “Pictou” lob- 
sters were studied in pure culture and compared with those reported by previous 
investigators, particularly the types described by Benton (1935). They all have 
the ability to decompose pure chitin in a saline solution containing no other N or 
C source. Strips of chitin, prepared from lobster shells according to Benton’s 
(1935) method, were placed in test tubes to which Benecke’s (1905) saline solu- 
tion, consisting of 0.03 per cent K,HPO,, 0.03 per cent MgSO, and 1.5 per cent 
NaCl, was added, leaving about one quarter of the length of the chitin strip pro- 
truding above the liquid. The chitin destruction proceeds in the same character- 
istic way in all cases, as shown in figure 2. The straight-edged chitin strip is 
attacked first at the surface of the liquid and is gradually eaten completely through. 
The submerged, now separated part, is then gradually and completely decomposed, 
the liquid becoming turbid, but finally clearing with the formation of a small amount 
of a slimy sediment. Complete destruction takes place in from 2 to 3 weeks at 
30°C. at a pH of 7.0, while at 5°C. it does not begin visibly until after approxi- 
mately two months’ incubation. 

Benecke (1905) stated that the presence of free oxygen is necessary for chitin 
destruction by B. chitinovorous, a strictly aerobic organism. The fact that the 
chitin strips in our tests were always attacked first at the surface of the liquid 
medium confirms Benecke’s findings. This was also demonstrated by the failure 
of any of the organisms to attack chitin under anaerobic culture conditions. That 
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this applies to the enzyme, chitinase, rather than to the micro-organisms producing 
this enzyme, is noteworthy, however. All of the bacteria investigated in our work 
proved to be facultatively anaerobic, as shown by good growth in Spray’s (1936) 
semi-solid anaerobic medium, by gas formation in starch agar stab cultures, and 
also by their characteristic behaviour in sugar fermentation tubes. In the latter 
the acid production invariably began at the bottom of the culture tube as shown by 
the change in the colour of the indicator, and proceeded slowly towards the surface 
of the sugar broth. 

Once initiated at the surface of the liquid medium, chitin destruction will pro- 
ceed, however, as mentioned above, until all the chitin submerged in the liquid is 
decomposed. Whether this is made possible by changes brought about in the 





Ficure 2. Characteristic progress of chitinolysis in Benecke’s saline solution. 


medium through the formation of certain decomposition products, or a change in 
the oxidation reduction potential of the medium is at present unknown. 

Our knowledge of the enzyme chitinase and its activity is also very meagre. 

Filtration of 250 cc. of a well chitinolyzed culture through a Chamberland 
Pasteur filter, porosity L5, 15 x 75 mm., followed by inoculation of chitin strip 
saline tubes with various amounts of the filtrate, gave negative results after three 
months’ incubation at 30°C., although a portion of the original unfiltered culture 
attacked chitin readily. 

While this preliminary test would indicate that chitin is an endo-enzyme, fur- 
ther tests are necessary to corroborate these findings, particularly since Bucherer 
(1935) pointed out that chitin is water-insoluble and could therefore not enter the 
bacterial body, but might be adsorbed to the bacterial cell. 
























































































Johnson (1932) reported specificity of certain chitinovorous micro-organisms 
towards chitin prepared from their natural habitat as against chitin of alien origin. 

Benton (1935) found several chitinovorous bacteria which were able to digest 
cellulose, and a number attacked starch. Of Johnson’s (1932) cultures none lique- 
fied agar. Among our own isolations no cellulose digesters or agar liquefiers were 
found, but some types produced gas from starch in broth and agar shake or stab 
cultures. 

Our most actively chitinovorous organism (culture 33) is almost identical 
with Benton’s (1935) type I1, with the exception that lactose is also attacked with 
production of acid and gas, in addition to the other carbohydrates listed. This 
culture is also characterized by very rapid gelatine liquefaction—complete in 2 to 
3 days at 20°C.—and extremely active motility. 

Cultures 32 and 34 were identical with 33, except for slight variations in pig- 
ment formation on potato. 

Two cultures, L, and L, were practically identical with Benton’s type XIV. 
The other cultures were physiologically very inactive. 

Inoculations of healthy lobsters with the most actively chitinovorous strain 
(culture 33) have failed under existing experimental conditions to produce the shell 
disease. 

Repetition of the inoculation experiment under more favourable conditions is 
contemplated. 


SUMMARY 


A heretofore unreported shell disease of live lobsters (Homarus americanus) 
has been observed in various parts of the Maritime provinces. Chitinovorous bac- 
teria have been isolated from the affected parts of the lobster shells. Chitinoloysis 
in a chitin-strip saline medium proceeds invariably in a. characteristic manner, 
beginning at the surface of the liquid medium. Inoculation experiments have failed 
so far to produce the shell disease in healthy lobsters. 
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ABSTRACT 


Cultus lake is a rather small, fairly deep, clear lake of the western Cascade mountains, 
and is the home of one of the populations of Fraser river sockeye. The equable climate of the 
region is reflected in the low annual heat budget of the lake and its normal lack of an ice cover 
in winter, with continued complete or partial circulation of its water throughout that season. 
Judged by the low degree of hypolimnial oxygen consumption in summer, the lake is to be classed 
as distinctly oligotrophic. The oxygen content at all depths and seasons is sufficient for the 
respiration of salmonoid fishes. The water is moderately hard and slightly alkaline. Quantities 
of dissolved nitrates and phosphates in the water appear to be of the order characteristic of 
oligotrophic lakes. Silicates are present much in excess of the requirements of the lake’s diatom 
populations. The number of adult sockeye returning to the lake in normal years is insufficient 
to add to its supply of nutritive salts in significant amount. 

Temperature observations and oxygen determinations, taken at frequent intervals for several 
years, have contributed to the knowledge of certain questions of general limnological interest. 
Such include (1) the manner in which the hypolimnion of a lake is warmed in summer; (2) the 
classification of the seasonal circulation periods in temperate lakes; and (3) the oxygen content 
of a lake at the close of vernal circulation, and its use as a standard from which to measure oxygen 
consumption throughout the summer. 


*No. 1 of a series: ‘‘Factors affecting the behaviour and survival of sockeye salmon (Oncorhynchus 
nerka Walbaum) during their lacustrine existence in Cultus lake, British Columbia.” 
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INTRODUCTION 


Since 1924 Cultus lake has been the scene of an experiment on the part of 
the Biological Board of Canada to determine the efficiency of natural and arti- 
ficial propagation of sockeye salmon, Oncorhynchus nerka (Foerster 1936). That 
the physical and chemical characteristics of the lake should have some influence 
upon the behaviour and survival of the young sockeye was anticipated and 
throughout the period of the investigation data have been collected for the 
purpose of discovering any relationships that might exist. A limnological survey 
of the lake was made by Dr. R. E. Foerster in 1923 (1925). With the commence- 
ment of the experiments on the propagation of sockeye salmon, collection of 
limnological data was continued by Dr. Foerster from 1924 to 1931, as regularly 
as the limited time available would permit. 

In the spring of 1932 these studies were turned over to the author and have 
been prosecuted on the lake from that time to the end of 1936. Since the primary 
purpose has been to determine the immediate factors governing the production 
and survival of sockeye, particular attention was given to the following features: 
the physiography of the surrounding country; the morphometry of the lake; the 
temperature of its water; its oxygen content; its hydrogen-ion concentration and 
bicarbonate content; the quantities of various other inorganic salts in the water; 
the abundance and distribution of plant and animal macroplankton; the bottom 
fauna; the food of the young sockeye, and of other fishes, particularly those which 
compete with or consume the sockeye. Certain characteristics which seemed to 
have less direct bearing on the survival of sockeye have been only sketchily 
treated—notably the bottom fauna and flora, and the food of some of the fishes. 
Other studies, essential to any well-balanced limnological survey, were not at- 
tempted, owing to lack of time or apparatus—the penetration of solar radiation 
and the abundance of nannoplankton may be particularly mentioned. Most 
attention has been given to temperature and oxygen content, to seasonal and 
annual variation in the abundance and stratification of the larger plankters, 
to the food of the sockeye and of predatory fishes. 

In this paper the physical and chemical features only are considered. In 
general, their bearing upon problems of the behaviour and survival of the sockeye 
are less obvious than those of the biological factors to be dealt with in forth- 
coming publications. Many of the observations have, however, afforded insight 
into more general problems, common to other lakes and other regions. 


PHYSIOGRAPHY AND MORPHOMETRY 


SITUATION 


Cultus lake (figure 1) is situated in the southwestern part of the mainland 
of British Columbia, Canada, in latitude 49°04’ north, longitude 122°00’ west. 
It lies near the border of the Cascade range of the cordillera, the mountain lying 
immediately to its west being the westernmost member of that range in Canada. 
Several streams empty into it, the greater volume of water coming from the 
south and east. Its outlet is to the north through the short Sweltzer creek to the 
Vedder or Chilliwack river, which is directly tributary to the Fraser, the great 
river of central and southwestern British Columbia. 
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Figure 1. Map of Cultus lake, British Columbia. 
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With a drainage basin of about 83 square kilometers (32 square miles), 7 
Cultus lake is situated in a glaciated U-valley between mountain ridges on I 
either side. At its northern end a gravel moraine holds it back from the valley of I 
the Vedder below; to the south higher moraines fill a long trench, locally called t 


the Columbia valley. The elevation of the lake is 41 metres (135 feet) above sea- 
level. Vedder mountain on the west reaches a height of 910 metres (3000 feet), | 
while the more precipitous summits of Sweltzer mountain on the east range from ( 
1370 to 1520 metres (4500 to 5000 feet). These belong to the Skagit subdivision | 
of the Cascade range of the cordillera. The rocks of which they are formed | 
include both metamorphosed sediments and plutonic masses, of Carboniferous 
to Triassic age (Daly 1912). The bed rock in the valley is overlain by thick 
glacial drift, and on the less precipitous slopes of the mountains by talus heaps. 
CLIMATE 

The climate in the region of Cultus lake is characteristically mild and moist. 
Winter days are usually calm, cloudy and rainy, but periods of clear freezing 
weather with strong north or northeast wind may be expected on one or several 
occasions each year. Snow usually falls at some time during the winter, and may 
either rapidly disappear, or persist for a month or more. From July to early 
September rainless and mostly cloudless weather is the rule, but exceptions are 
frequent as for example in 1932, when it was cloudy through most of the summer. 
During spring and fall cloudy and clear weather alternate, the proportion of each 
varying each year. The mean annual rainfall of the region is about 157 cm. (62 
inches), of which the greater part falls from October to February (Denison 1933- 
35). The maximum temperature on bright summer days occasionally approaches 
38°C. (100°F.) but does not usually exceed 30°C. (86°F.). During the clear 
weather of winter early morning temperatures may be as low as —15°C. (5°F.), 
but during the more characteristic rainy seasons they do not reach the freezing 
point. 


VEGETATION 





The vegetation of the country surrounding Cultus lake is dominated by the 
very large trees characteristic of the coastal rain-forest of British Columbia. The 
Douglas fir (Pseudotsuga mucronata Rafinesque) is most abundant, and growing 
with it in thick forests are western hemlock (Tsuga heterophylla Sarg.) and cedar 
(Thuja plicata Donn.). Trees at one time covered almost all of the land near 
lake level, but in recent years they have been largely cut or burnt out, notably 
at its southern end. A small part of the land there has been put under cultivation. 
Along the lake-shore deltas, and in low or new land generally, deciduous trees 
flourish, including the broad-leaved maple (Acer macrophyllum Pursh.), alder 
(Alnus rubra Bong.), black cottonwood (Populus trichocarpa T. & G.) and birch 
(Betula occidentalis Hook.). The mountain slopes also are well wooded, the 
complexion of the forest changing with increasing altitude. No mention can be 
made here of the lesser trees and numerous shrubs and herbs of luxuriant growth, 


SHORE AND BoTtToM CONFIGURATION 


In shape Cultus lake is oblong, 4.8 km. long and 1.3 km. wide (3 miles by 
4/5 mile), forked at the lower end into the Northwest arm and Smith Falls bay. 
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The total area is 626 hectares (1550 acres). Deep bays, spits and islands are 
lacking, so that the shore length is small in proportion to area, 13.6 km. (8.5 
miles). The periphery of a circle having the same area is 8.9 km., and therefore 
the ratio of the two, known as the shore development is 1.53—a rather low figure. 

The bottom configuration of the lake is known from soundings made by 
Dr. Foerster and is indicated by the 15, 30, 35 and 40 metre contours, drawn in 
on the chart (figure 1). It will readily be observed that there is nowhere any 
considerable area of shallow water, except off the northern beach. About three- 
quarters of the lake’s surface lies over water 30 metres (98 feet) deep or deeper; 
the greatest depth taken was 42 m. (137 ft.). These soundings were taken at the 
season of low water, in summer; in winter the level of the lake may be 0.4 to 0.8 m. 
higher, or in an extreme flood even 1.5 m. 

The areas included in the contours given have been found by counting 
squares and those for 5, 10, 20 and 25 m. interpolated. From them the volumes 
of the strata delimited by 5-metre- depth intervals have been calculated as in 
table I. 


Bottom DEPosITs 


The bottom of the lake consists, in deep water, of grey ooze containing 
abundant carbonaceous plant remains. The steeper shores are composed of 
bed-rock or large fragments and boulders. The deltas are made up chiefly of 
small stones and many such are carried to the lake bottom just offshore. The 
moraine beaches at the northern end consist of wave-worn stones having a 
diameter of about a decimetre (4 inches). In a very few places there are short 
stretches of sand. 


VOLUME OF FLow 


A rainfall of 157 cm. yearly over a watershed of 83 square kilometres provides 
130 million cubic metres of water to be removed by run-off and evaporation. 
Precipitation at the higher altitudes may be somewhat greater, but, allowing 
for evaporation, this may be taken as the greatest possible volume which could 
run through the lake in a normal year. The actual volume of the outlet varies 
from about one-half of a cubic metre per second in late summer or autumn to 
twenty-five in an extreme flood. 


TRANSPARENCY AND COLOUR 


The water of Cultus lake is usually quite clear. In the course of taking 
plankton samples from 1932 onward the instruments could be seen as they 
descended, down to 13-15 metres, throughout most of the year. In years marked 
by a large vernal pulse of diatoms, the transparency was much reduced in March 
and April; this was particularly noticeable in 1932, when the instruments could 
not be followed to 5 metres, and the whole lake had a different appearance. 
Following the record flood of late January, 1935, the lake was turbid for two 
weeks or more; smaller floods have produced no effect noticeable to casual 
observation. 










TABLE I. Morphometrical data for Cultus lake. The total of the last column is the 
mean depth of the lake. 


Depth Area Depth Volume Reduced 
contour included interval Millions of thickness* 
Metres Hectares Metres cubic metres Centimetres 
0 626 
0-5 30.4 486 
5 590 
5-10 29.0 463 
10 570 
10-15 28.1 449 
15 553 
15-20 27.1 433 
20 530 
20-25 25.8 412 
25 500 
25-30 24.2 387 
30 457 
30-35 21.2 339 
35 391 
35-40 12.3 197 
40 122 
40-42 3.0 48 
42 0 
Total 201.0 3214 


*For use in computing heat budgets; see page 375. 


Only in 1936 were a few measurements of transparency made using a standard 
Secchi disk. They are as follows, each value being the mean of depth of dis- 
appearance and reappearance: In Northwest bay, Sept. 4—15.4 m. At central 
station, Sept. 16, 17.0 m.; Oct. 1, 16.8 m. (first observer), 15.2 m. (second 
observer). 

Observations made in the spring of 1932 showed that the water of Cultus 
lake was colourless, as defined on the platinum-cobalt scale. 


TEMPERATURE 
PROCEDURE 

Data concerning the temperature of Cultus lake are available from the 
following sources: (1) Vertical series recorded by Foerster (1925), taken April 
to October, 1923, and in January, 1924, at various stations over the lake. 
(2) Vertical series (unpublished) taken by Dr. Foerster at a central station, 
June, 1927, to September, 1929, for the most part monthly. (3) Vertical series 
taken by the writer and assistants at a central station, January, 1932, to Decem- 
ber, 1936, for the most part semi-monthly. 

The thermometer used for the vertical series was the same throughout, 
a Negretti and Zambra deep-sea reversing thermometer, graduated to fifths 
of a degree Centigrade. Readings were made to the nearest tenth-degree, or 
in some series fiftieths were estimated, in which case two decimal places appear 
in the records. Such precision was often unnecessary; in summer, at moderate 
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FicuRE 2. Seasonal isotherms (degrees Centigrade) for Cultus lake in 1932,{1933 and 1934, 
based upon temperatures taken at a central station. 
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depths, a reading could rarely be duplicated to within a fifth of a degree, but 
it was useful in the winter months, when the total range of temperature through- 
out a 40 metres’ depth was at times not more than 0.1°C. In the case of these 















TABLE II. Temperature readings for Cultus lake in degrees 
1927 19 
June July Auge Sept. Oct. Dec. Feb. Mare Apr. May June 
u 26 10 14 7 20 4 ao Bm 64 18 
Metres 
0 17.2 21.2 22.8 17.0 15.2 5.8 402 7.2 6.8 10.6 16,7 
1.5 16.8 21,2 - - - ~ -~ 65 = 9.0 ~ 
5.0 15,6 ~ 22.5 16.7 = = - 5e4 = - 16,2 
407 1403 20.8 22.2 - - ~ - - - 15.9 
6el = - 22.0 16.6 = - ad - - - 15.5 
7.6 13.4 16.4 17.8 - 14.4 58 4.0 4.6 6.0 8S 14.0 
9e2 11.8 13.4 15.2 16.6 - ~ - - - - 12.4 
10.7 9e4 ~ = - - = ad - - ~ 10.9 
12,2 8.6 10.4 11.4 13,0 - > = = - - 8.9 
13.7 - - - - - - - ~ ~ ~ - 
15.2 7.8 9,0 9.0 10.1 10.0 5.8 4.0 406 5,7 7.0 707 
16.8 ~ ~ - - ~ - - = ~ ~ 
18.3 - - - - - - - ~ ~ ~ - 
22.9 6.7 7el 742 72 7.5 5.8 4.0 46 5.5 6.0 664 
0.5 664 6.8 6,8 6,8 6.9 5.8 400 4.6 5,5 5.8 6.1 
39.6 6.8 6.8 6.4 6.5 6.8 6.0 4.0 466 5.4 5.6 58 
’ 
1932 January February March April May 
7 is 2 mw. a % 16 62306~=(1 8 15 25 3 17 
Metres 
0 6.38 5.50 3.54 3.62 5.00 3.97 4.86 4.79 5.34 8.60 8.76 839 11.90 13.41 
5 6055 5.27 3.74 3.56 3.98 3.95 4647 4.59 5.06 5.50 7.23 7.68 9,95 12,13 
10 6.34 5.47 3,80 3.50 3.89 5.91 4.18 4.56 4.87 5.15 6.58 7.05 6.8 9.76 
15 6.34 5.55 3.80 3.52 3.90 5.89 5.99 4.56 4.83 5.09 5.50 5.86 6.36 6.48 
20 6.3% 5.57 3.80 3.52 3.92 5.90 5.99 4.51 4.79 5.06 5,05 5.58 5.67 5.75 
28 6,34 5.59 3.88 3.51 3.90 - 3.99 = 4.78 = 4.92 @ 5,57 50435 
» 6.34 5.58 3,90 3,51 3.81 3.88 3.99 4.435 4.71 4.88 4.88 5.19 8.34 5.356 
a 6034 5.60 3.86 3.58 3,94 3.88 4.06 4.36 4.53 4.66 4.78 5.05 5,01 5,14 
1933 January February March April May | 
10 «619)~—(6S 7 6 686 COD 8 ne es 1 23063 15 


Metres 
39° 
4.2 
4.2 
4.2 
402 
4.2 
4077 42 
4077 402 
4078 402 


2,90 
3.12 
5250 
5.58 
3.44 
5.48 
5.52 
3.56 
3.62 


3.54 
3.51 
3.3 
3.58 
3.58 
5.38 
3.38 
3.38 
3.38 


3.55 
3.45 
3235 
3.45 
3.50 
5.37 
5.97 
5077 
5.57 


3073 
3.58 
3.59 
3.54 
3.54 
3.53 
3.55 3.79 
3253 35.77 
3.56 3.79 


4.01 
3.82 
3.81 
3.79 
3.79 
3.79 


4.32 4.50 
4.05 4.41 
4.02 4.41 
4001 4.41 4,89 
4.01 4.38 4.85 
4.01 4.535 4.83 
4.01 4.35 4.79 
4.00 4.55 4.59 
4.02 4.19 4.38 


5.37 
5.30 
4095 


7.70 
5.61 
5.49 
5.39 
5-39 
5.17 


8.78 
7.60 
7.01 
6.12 
5.45 
5.07 
5201 5.00 5.25 
4091 4.95 4.91 
4074 4.83 4,90 


9.96 
9-21 
8.59 
6.54 
5.46 
5027 


11.45 
10,88 
8.90 
7.61 
5.70 
5.41 
5.23 
5.16 
4.91 


5.2 
Se2 
52 
52 
Se2 
Se2 
Se2 
5.2 
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close observations, the check thermometer mounted in the reversing one was 
read, and correction made for expansion of the mercury in the small bulb. 
Readings were taken as soon as the thermometer could be hauled to the surface, so 
that, even in summer, this correction was small,—not more than 0.15°C. It was 
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t however useful in following the slow changes in bottom temperature through a 
- season. Temperature records taken with the reversing thermometer from 1927 
e to 1936 are presented in tables II and III. 
S Centigrade, 1927 to 1929, 1932 and 1933, 

28 1929 

Auge Sept. Oct. Nove. Feb. Mar. Apr. May Jue July Aug. Sept. 

[= SS ae eS. a a oe 

20.4 18.4 15.6 10.9 2.1 3e2 6e2 Wed 14.45 19%3 20.0 18.8 


- 18.0 = * 
20.3 @ © @ 
2022 ™ S * 
17.9 17635 13.4 10.9 
15.2 17.2 <= = 
13.9 - - - 
12.3 14.0 e « 


_ = ~ ~ 18.4 = ~ 
- - ~ 18.2 - - 
- ~ - - 17.6 - 18,8 
- - ~- 16.2 193 - 
5 3e2 560 6.66 1366 15.0 19.0 18.6 
- 13.5 15.7 - 
12.2 142 - 
93 12.2 12,2 


Pree 


-- 10.1 - - 8.0 98 = 

9-2 9.9 12.1 10.8 2.6 32 469 5.8 6.6 762 8.7 964 
- - -« - oe Ne - - - - 84 
- - %4 = - - = - - - - - 

700 700 Teh 763 2.7 32 468 Sel 5.65 569 662 6,5 

663 605 6.8 606 3e00 3Se2 468 4:9 562 5.5 5.8 6.0 

6.0 662 6.25 622 Se2 Sed 466 4668 8.0 S04 Set 5.5 

June July August Sept. Oct. Nov. December 


1 16 6 19 1 15 31 21 5 5 3 16 


13.57 16.84 16.14 17,94 18,72 19,97 19,06 16.60 16,52 11,22 644 5,65 
13.18 16.11 17240 17.53 18.66 19,42 19,00 16,50 16.46 11.24 6.42 5.77 
11.49 11,57 12.47 14.26 14.24 14,18 16,04 16.43 16.28 11.26 6838 5,78 
7240 7.04 8681 9.00 9.85 9.75 9.59 9.61 9,56 11,22 836 5,78 
6.17 6e5S 6.80 6,56 6.50 6.94 6.98 7.42 7.06 7.53 7.99 5.78 
5e72 5290 590 6.04 6.08 6620 62640 6.60 6.39 6.75 7.25 5.78 
5058 5.61 5.69 5.85 5.86 5.88 6.11 6.14 6.29 6.26 7.05 5.78 
5e32 5.50 5656 5.50 5.45 5.54 5.83 5.96 6.02 5.96 6.88 5,82 


| June July Auge September October November December 
1 17 5 23 12 11 25 5 20 1 4 © 1 2 


14.64 16,49 27.76 20.94 21,84 19,05 15.84 16,10 12,80 11.29 10.53 9.05 7.77 5.8 
12.36 15,76 15.84 19,18 20.54 18.66 15.56 14,95 12,62 11,34 10.27 9.07 7.80 = 
9,03 10,61 12.40 12.75 14.48 15,53 14.26 14,35 12,62 11,34 10.26 9,08 7.80 5.8 
7004 6.95 8.52 7269 9.01 8.79 871 9.57 10.98 10.68 9.99 9.08 7,80 5,8 
5057 5075 Gel? 6.06 6648 6,85 6.93 7.04 7615 7628 7642 8.03 7.64 = 
Se4l 5049 5.59 5.75 6.00 6e2l 6.30 6244 6642 6.55 6.49 6.66 7.09 5.8 
S32 5Se34 S42 5.56 5.69 5.90 5293 6.03 6.15 6,09 6.27 6.24 6.56 568 
5Sel6 S14 5Se29 5.35 5.46 5.60 5.70 5.85 5.91 5.90 5.94 6.17 6.45 = 
4.9% 5.05 5,12 5,21 5.38 5.47 5.61 5,51 5.81 5.69 5.78 5.92 6.18 5.8 


SEASONAL CHANGES 

The seasonal variation in Cultus lake temperature, as disclosed in tables II 
and III, may be more easily grasped by referring to figure 2, in which the readings 
for 1932, 1933 and 1934 are plotted. Owing to the fact that the lake does not 
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freeze over in winter, there are only two primary temperature-seasons, namely, 
winter circulation and summer stagnation. 
WINTER CIRCULATION 
Complete winter circulation is established when the water of the lake is of | 


practically uniform temperature from top to bottom. This occurs first in late 


TABLE III. Temperature readings for Cultus 


1034 January Feb. March April May June 
6 is Bw “a A 16 2 1? 26 15 a 16 wd 


; “— Se? Set Sed 5e8 506 662 824 10.4 13.8 15,90 17.15 19.11 18.96 
5 5e7 «5c 5SeS 506 5055 602 7.2 9-7 12.2 13.21 16.06 18.84 18.42 
- 10 5e7? Sed Sed SSeS Se5 Gel 720 920 964 10.50 12.55 13.39 15.97 
: 15 5Se7 Sed SeS Set Se5 508 667 760 768 8.13 7.91 8.98 8,98 
20 Se? Set SeS Set 5Se5 508 60% 6ed 666 6.83 6.81 7.25 7,10 
25 Se6 Sed 5e3 Set 505 506 6e2 6e2 6e2 6e28 6242 6.62 6.70 
30 Se? Set SeS Set 5Se5 506 6.0 6.60 6e2 6.15 6.27 6.55 6.53 
; 35 Se? Set SeS Set Se5 Se6 509 6.0 660 6.05 6.13 6.22 6,35 
40 Se? Sed Sed Set 55 506 569 6260 660 5693 6200 6.07 6,21 
1935 Jan. February March April May June 
; 2 1 i565. (li 20 27 §& 12 19 25 2 20 5 20 
Metres 
0 Be5O 412 4600 4641 4.76 5.55 5012 7271 7647 8.07 10.235 14.92 15.90 17.28 
5 = 362 3088 4616 4.62 4.63 5.04 5.60 5.88 7.18 9.07 12,08 14.89 16.08 
10 = 3e60 3.90 4.10 4.60 4.60 4.98 5.28 5.60 6.17 72235 9.62 10.62 12.71 
15 ~ ~ - 4010 4.60 = 4:98 <= 5650 5.86 6.05 7.16 7.51 7.80 
20 = 3664 3e75 4010 4660 4060 4.90 5.08 5.42 5.55 5.67 5.95 6.05 6.45 
25 - - - 410 - - 488 = 5.38 5.45 5.47 5.71 5.88 6,02 
30 - 3.50 3675 4.08 4.58 =- 4084 4.98 5.32 5.22 5.41 5.59 5,64 5,85 
35 - - - 4.06 <- - 4.84 < 5.24 5622 5637 5.56 5.53 5.65 
40 3.50 = Be7S 4014 4056 4660 4684 4.92 5.16 5.20 5.25 5.620 5.46 5.42 
1936 January Feb. March April May June 


tne a4 SA SS SS | 








Metres 
0 6e2 Se? 269 268 362 3.5 60 1163 12.0 14,0 17.7 
5 6e2 5.6 209 265 3e3 SoS 4e7 8.9 1166 13,2 15.8 
10 Ge2 Se6 209 265 Bel Sed 404 Sod 603 88 98 
15 Be2 506 Sol 205 3e2 33 4c2 406 Se3 Sel 6.05 
20 . eZ Se6 Sel 206 Seo2 335 4e2 beS 408 4.9 Sel 
25 6e2 506 Se2 205 Bel Sed Sol bel 40% 406 408 
30 Ge2 506 Sol 26 32 Sod tol Geol 4c2 40% 406 
35 eZ 5Se6 SoZ 2.8 Sol Sob 400 Sol 4e2 4eS 404 
40 62 52 Sel 34 400 402 402 404 




















autumn, the actual date varying somewhat: before December 20 in 1927, between 
December 3 and 16 in 1932, shortly after December 10 in 1933, and between 
December 18 and 23 in 1934. At this time the temperature of the lake is between 
6° and 7°C. When once established, complete circulation is maintained as the 
water continues to cool, past the point of maximum density,-to about 3.5°C. 
An idea of the efficiency of the mixing may be had from the close correspondence 
between top and bottom temperatures during this period; these commonly differ 
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by no more than 0.2°C., sometimes by only a few hundredths of a degree, along a 
column of water 40 metres deep. If the water is cooled below 3.5° or thereabouts, 
a season of winter partial circulation marked by inverse stratification may be 
established. For example, on February 8, 1929, the surface-bottom range was 
2.1-3.2°C.; on February 17, 1933, 2.9-3.6°. Rarely a considerable part of the 
lake will be ice-covered for a few days, but in the years included in tables II 


lake in degrees Centigrade, 1934 to 1936. 


July August Sept. October November December 

16 1 16 31 14 1 18 2 18 4 1s 2 ww 
19.22 19.95 21.32 21.10 18.60 15.05 14.36 11.57 10.50 9,03 5.20 7,82 6.78 
18.74 19.53 20.48 20,88 19.38 14.76 13.80 11,54 10.40 9,02 - 7,92 6.78 
16,00 16.93 14.27 18,50 18.28 14.74 13.76 11.52 10.38 9.00 8.20 - - 
9077 10.40 11,20 11,33 11,93 14.68 13,74 11.50 10.38 9,00 ~ - ~ 
7.40 8.14 813 8.12 7.97 7.95 887 10.50 10.26 9.00 8.20 - 6.78 


6.92 6.92 7659 7632 7624 7247 7654 .7288 8.65 9,00 - ~ ~ 


6e72 6674 66735 6691 6.90 6.97 7204 7.53 7.91 7.95 8.12 - ~ 
6046 6655 6.54 6.64 6072 6672 6285 7616 70435 7656 7.65 7.94 ~ 
6027 6032 6.41 6241 6652 6.54 6667 6.97 7.15 7.50 7.36 7.96 6.77 


July August September October Nov. December 

18 25 9 15 3 16 1 15 31 15 2 138 30 
19.48 20.24 20.4 19.0 21.2 18.1 17.2 15.5 10.0 80 7.6 7.6 6.8 

= 20.16 16.7 18.8 20.1 18.1 16.8 1564 10.2 8.0 764 7.1 606 
14.94 13.94 15.4 1562 16.5 16.1 1466 15.4 10.2 8.0 724 Vel 666 

- ~ 9o4 9e2 lel 11,0 11.8 10.0 1003 8.0 764 7el 606 
6.67 = Ve2 Fol 766 Ve 7eB 90 Wel 8.0 7e4 Fel 606 

- 606 6.9 666 667 700 700 608 768 764 Vel 606 

- - 62 62 6eS 605 625 6.5 606 760 7e2 Tel 666 

- - 6.0 Gel 604 605 ‘6e2 663 603 666 668 760 606 

- ~ SeO Gel 60h 602 Gel 602 602 602 624 666 626 

‘ 
July august September October November December Jan. 
2 15 3 17 2 16 x 15 a 16 2 16 4 


20.67 18.97 21.80 21.69 20.20 17.65 17.51 15.81 11.8 10.4 8.26 6.76 5.4 
18,64 18,59 20.57 21.58 19,88 17,20 16.47 15.55 11.8 10.2 6.26 6.58 504 
10.88 10.35 12.91 15.12 15,67 17,08 16.40 15.49 11,8 10,2 826 6.58 5.4 
6.06 6.50 6.98 8.10 8.26 8,00 8.74 8.75 8.8 10.1 7.96 6,58 5.4 
5Se20 5Sel4 5e35 5699 5,83 5.75 6641 5:83 662 664 6.18 6,52 5.4 
4071 4086 5.02 5019 5,10 5634 5040 5648 5.65 506 5.56 6640 Set 
4044 4067 4077 5.07 4,86 5.06 4694 5012 52 Se2 5026 6620 563 
4028 4062 4650 4665 4,60 4676 4672 4691 4.9 500 5.05 6.01 504 
418 4041 4056 4.49 4.48 4.65 4.60 40:75 469 5.0 499 5,98 5.4 


and III it was completely covered on only one occasion, and then for only one 
day (Mar. 5, 1936). In some years inverse stratification does not appear at all, 
and never is it of long duration. As soon as the water begins to warm up from 
its winter minimum, uniformity of temperature is quickly re-established, and 
persists until the water exceeds 4.0°C., and in one case until it reached nearly 
5.0°C. (1935), usually in March or early April. After this, partial circulation 
usually continues for two or three weeks, even to the bottom, until the bottom 
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water is 4.7° (1933), 5.1° (1932), 5.2° (1935), or even 5.4° (1928). Windy weather 
at the time when spring stratification is being established prolongs the partial 
circulation period; in 1936, when calm hot weather followed close on the attain- 
ment of 4.1°, partial circulation was practically absent. After reaching these 
temperatures in the various years, the rate of increase of the bottom temperature 
is suddenly reduced, indicating that the upper waters have been warmed 
sufficiently to prevent all mixing with the layers below. 


SUMMER STAGNATION 


Warming of the upper layers of water by convection proceeds throughout 
April, with considerable circulation still down to 10 or 15 metres. In May the 
temperature gradient appears greatest about the 10-metre level, and by the 
middle or end of that month a true thermocline! is established there. Narrow 
at first, this band becomes thicker throughout June and July, with the increase 
of epilimnial temperature, and includes the water between the limits of about 
6 to 14 metres. Not until the latter half of August, when the epilimnion has 
passed its maximum temperature of 20°-22°, does the mean position of the 
thermocline begin to fall. By the middle or end of September the epilimnion has 
reached the 10-metre level, early in November the 15-metre level, and early in 
December it extends to 20 metres, at which time it occupies one half of the depth 
of the lake. At the same time its temperature has decreased to within a degree 
or two of that of the bottom water, so that the first persistent strong wind will 
mix the whole together. 

When the lower part of the lake is first isolated from the upper layers, usually 
in the second half of April, it is still of fairly even temperature. For example, 
on April 23, 1933, the range was 5.4° at 20 metres to 4.8° at 40 metres. As summer 
progresses, temperatures increase at every level, those nearer the surface more 
quickly than those lower down: on August 12 of the same year the range was 
6.5° to 5.4°. Throughout the autumn the isolated lower layers of the hypolimnion 
continue their slow increase in temperature, while the upper layers are success- 
ively added to the descending thermocline and epilimnion. About a month, or 
in 1934 two months, before complete circulation is established, the rate of in- 
crease of bottom temperature suddenly rises, suggesting a certain amount of 
mixing of warmer water into the hypolimnion, before it is finally absorbed. 


ANNUAL VARIATION 


The time of year at which the various temperature conditions prevail has 
been roughly indicated in the foregoing descriptions, but there is considerable 
variation in the exact dates from one year to the next. Differences between the 
years are perhaps better shown by the maximum and minimum temperatures 
attained. 

The weather was exceptionally warm early in 1934, and the lake temperature 
apparently did not fall below 5.2°C. During 1932 and 1935 the minimum was 


1In this paper ‘‘thermocline’”’ is used in its strict sense, to designate a vertical temperature 
gradient of 1°C. per metre, or more. “Stratification” is used as a more general term. 
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3.5°, nearly uniform from top to bottom. With lower minima stratification was 
present ; the minimum average temperature being 3.4° in 1933, at least 2.8° in 1929, 
and 2.6° in 1936. 

Summer epilimnial maximum temperatures, like winter minima, are a direct 
reflection of weather conditions, and are accordingly variable. The temperature 
at 5 metres depth rose to 19.4° in 1932, 20.2° in 1935, 20.5° in 1933, 20.9° in 1934 
and 21.4° in 1936. Surface temperatures were recorded as highest in 1933, but 
are less satisfactory for comparisons, owing to their greater diurnal fluctuation. 

The maximum temperature of the hypolimnion in any season is in large 
degree affected by the temperature prevailing there in spring when the thermo- 
cline is being established. Thus the bottom temperature on October 1 was 4.6° 
in 1936, 5.5° in 1933, 6.0° in 1932, 6.2° in 1935 and 6.5° in 1934. The temperatures 
on May 1 of the same years were 4.1°, 4.9°, 5.1°, 5.2° and 6.0° respectively. 


HEAT BuDGETS 

The annual heat budget of a lake is defined by Birge (1915) as the amount of 
heat necessary to raise the water from the minimum temperature of winter to the 
maximum temperature of summer. The summer heat income is the amount 
necessary to raise its water from 4°C. to the maximum summer temperature. 


TABLE IV. Annual heat budgets and summer heat incomes of Cultus lake. 


Annual heat budget 
Year 1928 1929 1932 1933 1934 1935 1936 
Winter series Feb. 4 Feb. 8 Feb. 16 Feb. 26 Jan. 30 Jan. 25 Mar. 2 
Summer series Aug. 6 Aug. 26 Aug. 15 Aug. 12 Aug. 31 Sept.3 Aug.17 
Stratum 


0- 5 7920 8360 _ 7820 8700 7630 8360 9180 

5-10 6020 7180 6160 6570 6760 6950 7270 
10-15 3370 3910 3820 3730 4310 4170 3590 
15-20 1910 2250 2080 1860 1900 2210 1950 
20-25 1240 1440 1280 1150 990 1480 1240 
25-30 970 1160 970 930 700 1120 1010 
30-35 750 920 780 750 510 920 710 
35-40 510 590 510 490 290 660 420 
Total 22690 25810 23420 24180 23090 25870 25370 


Summer heat income 
Year 1923 1927 1928 1929 1932 1933 1935 1936 
Summer 
series Aug. 18 Aug. 10 Aug.6 Aug.26 Aug.15 Aug. 12 Sept. 3 Aug. 17 
Stratum 


0- 5 8800 8990 7920 7530 7620 8360 8110 8540 

5-10 6760 6620 6020 6480 5930 6250 6710 6580 
10-15 4900 3500 3370 3230 3590 3460 3950 2920 
15-20 3900 1860 1910 1650 1860 1600 1990 1300 
20-25 3090 1320 1240 910 1070 910 1280 660 
25-30 2510 1160 970 740 770 700 930 440 
30-35 1970 920 750 580 610 540 750 290 
35-40 1220 610 510 370 390 340 540 140 


Total 33150 24980 





22690 21490 21840 22160 24260 20870 
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Either can be calculated in absolute units, e.g. gram-calories, but for purposes 
of comparison it is better to divide this by the area of the lake, the result being 
usually given in gram-calories per square centimetre of lake surface. The reduced 
thickness of each 5-metre stratum, found by dividing its volume by the area of 
the lake, is included in table I. The average temperature of each stratum at 
summer maximum and winter minimum was found, as well as possible, from 
tables II and III. The difference between the two temperatures multiplied by 
the reduced thickness in centimetres, is the annual heat budget of the stratum 
in question in gm.-calories/cm?. The summer heat income of the stratum is the 
quantity (Reduced Thickness) x (Average Maximum Temperature minus 4°C.), 
expressed in the same units. 

The annual heat budgets and summer heat incomes for Cultus lake are 
shown for the several years in table IV. Although the annual budgets fluctuate 
somewhat, their outstanding feature is their uniformity, considering the difficulty 
of determining with precision the average temperature of the thermoclinal 
strata. Summer income could not be calculated for 1934, because during the 
preceding winter the temperature did not go as low as 4°C. The same may 
possibly apply to the high figure for 1923; for which there is no record of the 
previous winter’s minimum. 

The average annual budget for the seven years given is 24300 gm.-cal. /cm’. 
None of the American lakes studied by Birge (1915) had so small a heat-income, 
and only a minority of European ones were lower than 25000. The small heat 
budget of Cultus lake is a direct reflection of the generally equable climate of 
the region. 


WARMING OF THE HYPOLIMNION 

One of the important questions upon which there is as yet no general agree- 
ment among limnologists, is: In what manner does the hypolimnion of a small 
lake obtain the heat which raises its temperature throughout the summer? 
There are at least five possible ways: (1) by warmer water entering at the side 
from inlet streams, or from springs below; (2) by mechanical transfer of heat 
by bodies moving from epilimnion to hypolimnion; (3) from the oxidation of 
organic matter, either dissolved or particulate, living or dead; (4) by mixture 
with the warmer epilimnial, water above; (5) by the direct penetration of solar 
radiation. 

The quantity of heat which the hypolimnion of Cultus lake accumulates 
during the stagnation period can readily be calculated, after the fashion of the 
heat budgets. For simplicity, the upper boundary of the hypolimnion will be 
taken as 15 m. throughout, and also, each 5-metre stratum will be assigned 
its full, rather than its ‘‘reduced’”’ thickness. In the schedule below, the figures 
tabulated for each stratum are the difference in mean temperature between 
spring and fall. 

It is evident that the heat gained by the hypolimnion is a nearly constant 
quantity from year to year, the mean being between 22 and 23 calories per square 
centimetre per day. This takes no account of heat gained by the bottom ooze, 
which may be estimated as another 2 calories at most. At the same time, if 








377 


strata be weighted according to their volume in calculating heat intake, the net 
result is about 3 calories less than the above. 


Year 1932 1933 1934 1935 1936 
Spring series April8 April16  April2 April19 April 15 
Fall series Oct. 5 Oct. 5 Oct. 1 Oct. 1 Oct. 1 
Stratum 

(m.) 

15-20 3.0° 2.5° 3.0°° 3.6° 3.2° 
20-25 t+ 1.5 1.4 1.9 me 
25-30 1.4 1.2 1.1 1.3 1.0 
30-35 1.4 1.0 0.9 0.9 0.8 
35-40 1.4 0.9 Ge 0.9 0.7 
Average 1.78 1.42 1.42 1.72 1.48 


Heat gained: 
gram-calories/cm? 4450 3550 3550 4300 3700 


cal. /cm?/day 24.7 20.6 19.5 26.0 21.9 


*In 1934 the 15 m. level was already in the epilimnion on Oct. 1. This value was obtained 
by extrapolating earlier temperatures there. 


Consider now, in turn, each of the methods by which this heat could have 
been taken into the hypolimnion. 

(1) In Cultus lake, and in most small lakes, the inlet streams are in summer 
too small and too warm to penetrate into the hypolimnion. If bottom springs 
existed of sufficient volume to.effect a significant warming, there would be a 
characteristic temperature distribution in the hypolimnion, or even dichothermy 
(cf. Réhler 1926). However, even supposing that all of the water leaving the 
lake in late summer (0.5 cubic metres per second) were replaced by bottom 
seepage at 8°C., it can be shown that this would add heat at the rate of only 
about 2 cal./cm.?/day, or one tenth of what is observed. And this hypothesis 
fails to account for the warming of the upper layers of the hypolimnion to 
temperatures that are higher than those observed in springs of the vicinity. 

(2) Transfer of heat by falling bodies undoubtedly occurs. In evaluating 
its significance, three principal kinds of bodies may be distinguished. (a) Detritus 
and non-motile organisms from the epilimnion settle slowly through the thermo- 
cline. Birge and Juday’s (1926) estimate of the total organic matter of the 
strongly eutrophic lake Mendota water was 14.6 milligrams dry weight per litre. 
Estimating its wet weight at ten times this figure and specific heat as equal to 
that of water, and applying it to Cultus lake (whose oligotrophic nature makes it 
much too high), it appears that a complete precipitation of this amount once 
a week could carry heat into the hypolimnion at the rate of only one-quarter of a 
calorie per square centimetre daily. (b) Active constituents of the plankton may 
be suspected of performing a daily migration into and out of the epilimnion of 
Cultus lake, in view of their behaviour in other waters. Plankton enumerations 
to be published in a forthcoming paper indicate a maximum abundance in 1932 
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of about 15 Daphnia per litre, or 60 per square centimetre of hypolimnial sur- 
face. These weigh about 0.05 mg. each, a total of 3 mg. per square centimetre, 
and the addition of all other active plankters would not more than double 
this estimate. Supposing all to make the daily migration, the net transfer 
of heat (from 20° to 8°) would be 0.07 calories per day. (c) The movements 
of fish are less easy to account for. Sockeye salmon are believed to be the 
principal pelagic fish of Cultus lake, and reached their peak numbers for recent 
years in 1932, when the lake was estimated to start the season (May) with 
about 36,000,000 fingerlings, or 6.5 per square metre of hypolimnial surface. 
Their weight at this time is about 0.5 grams, a total of 0.00032 grams per square 
centimetre. A mass migration from epilimnion to hypolimnion would therefore 
transfer 0.004 calories per square centimetre, given the 12° temperature dif- 
ference. Hence even if such a migration occurred every hour, the quantity of 
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FicurE 3. Temperature trends, in degrees Centigrade, of Cultus lake at 20 metres depth in 
1933, 1934 and 1936, taken at central station. 


heat affected would be inconsiderable. The sockeye of course increase in weight 
during the summer, but when the amount of mortality is considered, it is doubtful 
whether at the end of the first year’s residence in the lake the total weight of the 
survivors is greater than in the beginning. There are other larger fish in the lake, 
but their numbers are very small in relation to the sockeye, and their potential 
warming capacity not as great. It may confidently be said therefore that no 
form of mechanical transfer of heat would have any appreciable effect in warming 
the lake’s hypolimnion. 

(3) The quantity of heat liberated by the oxidation of organic matter in 
the hypolimnion can best be approached from the point of view of the quantity 
of oxygen consumed. This is shown below to vary little through the summer, 
and to be about 0.02 milligrams per litre per day for the whole hypolimnion. 
A calculation of the quantity of heat liberated when proteins or carbohydrates 
are oxidized at this rate indicates an insignificant amount. There is also the 
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qualitative observation that whereas oxygen consumption is greatest in the 
lower part of the hypolimnion, the increase in temperature is least there. 

(4) That the hypolimnion receives heat by mixture with the warmer thermo- 
clinal water above, was the classical view of the early limnologists (cf. Birge 
1916), and the one still favoured in many quarters. It was originally founded on 
the assumption that circulation set up by wind in the epilimnion carries small 
bits and eddies of water directly down into the lower layers. In this connexion 
it may be noticed that Morton (1931) has recorded temperature series showing 
that prolonged and violent wind did effect a mixing into the hypolimnion of the 
Hallstatter lake. But the mixing was accomplished only by partially destroying 
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Ficure 4. Temperature trends, in degrees Centigrade, of Cultus lake at 35 metres depth in 
1933, 1934 and 1936, taken at central station. 


the thermocline—decreasing its thickness and its temperature gradient—so that 
at the end of the storm the difference between temperatures at 2 metres and 
at 15 had decreased from 5.0° to 3.1°. For reasons such as this, there has lat- 
terly been a tendency to regard water movements arising secondarily from wind 
action, particularly the internal seiche, or ‘‘see-saw movement”’ of the hypo- 
limnion, as the more efficient mixing agents (cf. Halbfass 1931; Krogh and Lange 
1932). 

As bearing on this problem, the temperatures of two hypolimnial levels, 
20 m. and 35 m., have been plotted in figures 3 and 4, for 1933, 1934 and 1936. 
Considering 1936 first, it is. readily observed in both figures that a sharp break 
occurs in the rate of warming about April 15, corresponding to the establishment 
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of the first effectively insulating epilimnial layer. The temperature at this 
time is 4.0° at 35 m.; 4.2° at 20 m. In 1933 the time of change is just as clearly 
marked, although at a higher temperature, 4.9° at 35 m. and 5.4° at 20 m. Fol- 
lowing the mild winter of 1934, the break in rate of temperature increase is not 
as easily discovered, but there is evidence that it occurred about April 1; the 
temperatures then were 5.9° at 35 m. and 6.4° at 20 m. The difference between 
the two temperatures in every year shows that the phenomenon is associated 
with the cessation of partial rather than complete circulation, which latter event 
occurred about two weeks earlier in each case. 

After the change in rate of temperature increase, and aside from small 
irregularities which can partly be ascribed to imperfect technique, the temper- 
ature at both levels increases in a surprisingly uniform—almost linear—fashion, 
up to early autumn. This fact constitutes very strong evidence against the view 
that the hypolimnion is warmed by convection of heat through the thermocline, 
whether directly as an effect of wind action or indirectly as a result of an internal 
seiche. If the summer increase were chiefly the result of continued partial 
circulation, we should expect its effect to decrease markedly from spring to 
August, as the temperature gradient between epilimnion and hypolimnion 
becomes greater, and the warmer upper half of the thermocline offers a very 
much greater resistance to mixing (cf. Birge 1910). As long as the epilimnion is 
warm and stratification is marked, it would seem that no significant mixing occurs 
between the upper and lower parts of the lake. Only in autumn, when temper- 
ature difference between epilimnion and hypolimnion has decreased, and when 
strong winds are not infrequent, does admixture of warmer water from above 
account for some of the continued increase in hypolimnial temperature. The 
best evidence for this is had from the 1934 temperature curve at 35 m. (fig. 4), 
when in early November its rate of increase greatly exceeded anything re- 
corded throughout the summer, although the stratum was not absorbed into 
the epilimnion until late in the following month. 

(5) The rejection of the four alternative methods by which the hypo- 
limnial temperature might be raised leaves only solar radiation as a possible 
alternative. On this ground Alsterberg (1930a, etc.) based a vigorous attack 
upon the earlier facile assumption that the quantity of radiation penetrating 
as deeply as the hypolimnipn could never be sufficient to warm it appreciably. 
No one however has yet calculated the quantity of radiation penetrating to the 
hypolimnion of a lake throughout a season, and compared it with the heat gained. 
The data necessary for an accurate comparison of this sort are not available for 
Cultus lake, yet from the literature enough can be obtained to provide, by 
analogy with conditions obtaining elsewhere, some idea of the order of magnitude 
of the insolation here. 

The radiant energy of the sun at the earth’s mean distance is given by Clark's 
tables (1926) as 1.97 gram-calories per square centimetre per minute. Most of 
this penetrates the atmosphere on a clear day, but the quantity actually falling 
on a square centimetre of a lake’s surface is less than this, depending on the 
elevation of the sun. At Cultus lake, in latitude 49.1°, the angle which the sun’s 
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rays make with the vertical (called the angle of incidence) has its smallest value 
25.6° at midsummer noon; at an equinoctial noon it is 49.1°. 

Birge and Juday (1930, 1932) have measured the transmission of radiant 
energy in small lakes. In default of measurements on Cultus lake, we may use 
their results obtained on Crystal lake as an approximation, although the larger 
size, greater depth and somewhat greater transparency of Cultus suggest that 
its transmission would be rather greater. On July 10, 1931, in Crystal lake, the 
transmission to 15 m. was 4.2% of the incident radiation, reckoned as from 
zenith sun. Correcting this to latitude 49.1° by means of March’s formula 
(Birge and Juday 1930, p. 289) we find that the transmission would be 3.6% at 
midsummer noon, and 2.1% at an equinoctial noon. In absolute terms these 
become 0.071 and 0.041 cal./cm.*?/min. respectively. In taking an average, 
it must be remembered that the seasonal fluctuation of the sun’s elevation follows 
a sine curve, which changes only very slowly near its maximum, and most 
quickly at the equinox. Our period (early April to early October) ranges from 
a little past the vernal equinox to a little past the autumnal one; hence, from 
the mean height of half a sine curve (0.637), the average noonday energy pene- 
trating to 15 m. may be estimated as 0.060 cal./cm.?/min. over this period. 
Similarly, the diurnal change in the sun’s elevation is also a sine curve, so that 
the incident energy changes only very slowly about noon. Making allowance 
for the effects of clouds and a mountainous horizon, an estimate of the total daily 
radiation received from the sun is roughly 6 hours radiation at the noonday rate. 
This corresponds to an energy intake at 15 m. of 0.060 x 6 x 60 = 22 calories per 
square centimetre daily. The very close correspondence of this figure with the 
previously calculated heat intake of the hypolimnion is of course accidental. 
Important however is the fact that the two are of the same order of size, so that warming 
of the hypolimnion by means of radiant energy is quantitatively a possible phen- 
omenon. : 

An additional fact becomes apparent when heat intake at lower levels is 
calculated and compared with the radiation passing them, as is done here for 
1933, considering the strata to be of equal thickness: 


Heat gained by Heat entering Estimate of radiant 
Stratum each stratum. stratum energy entering stratum 
(m.) cal./cm.*/day cal./cm.?/day cal./cm.*/day 
15-20 7.3 20.6 22.0 
20-25 4.3 13.3 6.8 
25-30 3.5 9.0 1.9 
30-35 2.9 5.5 0.6 
35-40 2.6 2.6 0.2 


The calculations for radiant energy passing the surface of each stratum (column 4) 
are a very uncertain extrapolation of Birge and Juday’s graph. They are made 
merely to illustrate the rapid decrease in energy transmitted to lower depths. 
So much less is it than the heat taken up by these strata, that it can confidently 
be said they could not have obtained much of their heat from radiation. 
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Therefore, although it seems likely that the hypolimnion of Cultus, con- 
sidered as a whole, gets nearly all its summer heat from radiation which penetrates 
to it, nevertheless the lower strata of it could not possibly become warmed in 
this fashion. The two halves of this statement can be reconciled only by postulat- 
ing a limited amount of mixing and partial circulation within the hypolimnion 
throughout the season, to which the name turbulence seems applicable. Turbulence 
and consequent convection of heat within the cold, weakly-stratified hypolimnion 
is a possible phenomenon, even when the thermocline proves an absolute barrier 
to penetration of vertical currents from above, because at the lower temperatures 
thermal resistance to mixing is very much less, even per unit temperature gradient 
(Birge 1910). 

As for the cause of such turbulence, only conjectures can be made at present. 
It may be that internal seiches have some part in it, although it is not known 
whether they occur in Cultus lake. Alsterberg’s (1930b) pictures of successive 
horizontal induced currents which carry the epilimnial motion (though not the 
epilimnial water) down through the thermocline, are ingenious but not altogether 
convincing, especially when the observations of Karsinkin et al. (1930) appear 
to disprove their existence. 

There is a possibility that the activity of living organisms, particularly fish, 
may be of real importance in setting up small movements of this sort. The large 
population of sockeye, mentioned earlier, amounted to 3 fish per cubic metre of 
the hypolimnion, in which region they commonly live. Such a population may 
keep the water agitated sufficiently to produce the necessary turbulence. 


A possible objection to the hypothesis of warming by insolation must be 
mentioned: why is there in the data presented no clear evidence that the rate 
of increase of hypolimnial temperature increases up to the time of the solstice, 
when the sun's radiant energy is at a maximum, and decreases thereafter? 
In answer, there is the comparative stability of quantity of radiation for a month 
or two on either side of the solstice, which in itself precludes any noticeable 
change at that time. Variations in transparency of the air or the water would 
also be likely to obscure any such trend. In addition, the difficulty of taking 
temperature observations at exactly the same level each forthnight is very great, 
owing to mixing of water by a thermometer swung from a rocking boat. This 
largely accounts for the ivregularities and setbacks in the rate of increase in 
hypolimnial temperature noticeable at all levels, and particularly in proximity 
to the thermocline. After the autumnal equinox, when isolation is rapidly 
decreasing in intensity, a decrease would be expected but for the fact that a 
limited circulation begins of warmer water from above, which maintains or 
increases the rate of increase of hypolimnial temperature. In 1936, however, 
exceptionally calm autumn weather reduced or prevented accession of heat 
from this source, and the hypolimnial temperatures observed do in fact suggest 
such a decrease. From April 15 to September 16 the average increase in tem- 
perature of strata from 20 metres to the bottom was 0.0066°C. per day; from 
September 16 to December 2 it was only 0.0036°. 
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SEASONAL CIRCULATION PERIODS 
From the temperature series and discussion above a classification of the 

seasonal variations in water movements in Cultus lake can be made as folllows; 

the bracketed figures refer to the corresponding periods of Yoshimura (1935): 

A. Vernal circulation. 

1. Complete circulation—lasts from the time homothermy is established at 
the end of winter partial stagnation, to its end when a temperature 
gradient of at least 0.005°C. per metre is produced by a greater warming 
of the upper waters. (6, plus part of la). 

2. Partial circulation—from the end of homothermy to the time an impene- 
trable stratified layer (not necessarily a thermocline as defined) is estab- 
lished. (remainder of 1a). 

B. Summer stagnation. 

1. Complete stagnation with warming epilimnion—from establishment of 
thermal stratification sufficient to stop all circulation into the hypolim- 
nion, up to the time of maximum epilimnial temperature. (1b). 

2. Complete stagnation with cooling epilimnion—lasts until there is some 
penetration of the thermocline by currents carrying warm water into the 
hypolimnion. (2, in part). 

3. Partial stagnation—lasts until homothermy is established, and circulation 
is complete. (remainder of 2). 

C. Autumnal circulation. 

1. Complete circulation—lasts for the duration of homothermy. (3, plus 
part of 4a). 

2. Partial circulation—lasts from the end of homothermy to the formation 
of the ice cover. (remainder of 4a). 

D. Winter stagnation. 

1. Complete stagnation, with falling temperature—lasts to the time of 
minimum temperature. (4b). 

2. Partial stagnation, with rising temperature—lasts from the beginning of 
warming (usually before the ice goes) to the establishment of homothermy 

(usually at the time the ice goes, or immediately afterward). (5). 


To allow for a possible complete freezeup, the schedule has been made to 
include a period of complete stagnation in winter. It is therefore applicable to 
any lake classified as ‘‘temperate”’ in the sense of Forel (1895). The data tabu- 
lated show, however, that Cultus lake is normally ‘“‘tropical’’, because the four 
main periods are reduced to two: summer stagnation and autumn-to-spring 
circulation. In some years (1928, 1934, 1935) the complete circulations of periods 
C1 and Al are coalesced into one; in others (1929, probably 1932, 1933, 1936) 
they are separated by a period of partial circulation, which may be regarded as a 
continuation of C2 through part of the winter. An “‘arctic’’ lake as defined by 
Forel (which includes many large or shallow lakes in temperate regions) is one in 
which the two main periods are winter stagnation and spring-to-autumn circula- 
tion, period A2 prevailing throughout the summer and suppressing all of B. 
The classification above was formulated with the aid of Yoshimura’s (1935) 
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modification of Pfenniger’s. Aside from the changes in terminology, it differs 
from Yoshimura’s classification in two respects: 

(1) The use of 4°C. as a dividing point between periods of complete circula- 
tion and periods of partial circulation is discontinued. From tables II and III it 
is evident that wind action may continue complete autumnal circulation down 
to temperatures at least as low as 3.4° (February 26, 1933) and complete vernal 
circulation may exist at temperatures as high as 5.5° (March 1, 1934). To say 
then that 4°C. marks the dividing point between complete and partial circulation 
is at best a loose approximation which may convey a very wrong impression of 
the relative importance of some of the periods. For example, in a temperate lake 
the period of autumnal partial circulation, considered as the time from 4° to the 
freeze-up, may well be of long duration; considered as the time from the end of 
homothermy to the freeze-up, it is likely to be very much shorter. 


Clearly a definition is needed of complete circulation and its attendant 
homothermy. In the present classification it is proposed that a temperature 
gradient of at least 0.005°C. per metre be demonstrated before it is proper to 
speak of partial instead of complete circulation. The selection of this figure can 
be justified only by its usefulness. That it is arbitrary is a characteristic which 
it shares with all other limits used to subdivide continuous variables. In Cultus 
lake, at 40 metres depth, it necessitates a surface-to-bottom difference of 0.2°, a 
figure just comfortably within the limit of accuracy of our reversing thermometer, 
when in the hands of a non-scientific observer. Others may regard this gradient 
as too small; few will consider it too great. It should be noticed that, because 
of probable diurnal temperature fluctuation, a single divergent reading at the 
surface of a lake need not disprove general complete circulation during the week 
or fortnight for which it was recorded. 


(2) This classification also differs from Yoshimura’s in the subdivision of 
his period 2 (‘‘summer partial circulation’’) into two parts. This follows directly 
from the discussion in the last section of the causes of hypolimnial warming. 
Evidence there adduced indicates that at the beginning of epilimnial cooling in 
late summer the thermocline is still impenetrable to currents from above, and that 
it remains so for a long time (period B2)._ Only when the epilimnial temperature 
has been reduced to within two or three degrees of that of the hypolimnion, is 
wind-assisted circulation able to effect some mixing. Up to the time of homo- 
thermy the hypolimnion’s principal characteristics are those of isolation (e.g. 
lower temperature, low oxygen content), hence this period (B3) is most nearly 
allied to that which precedes it, rather than that which follows, and should logic- 
ally have the name “summer partial stagnation’. 


The use of the term “‘complete”’ as pertaining to stagnation, either in summer 
or winter, can be somewhat misleading. Complete stagnation is said to exist in 
a body of water when (1) there are no currents in it resulting from the direct 
effect of wind action, and (2) there are no currents induced by thermal changes, 
i.e. by cooling of the upper layers when they are above 4°, or by warming them 
when they are below 4°. With these conditions the hypolimnion in summer 
(periods B1 and B2), and the whole liquid part of a frozen lake during most of the 
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winter (period D1), are believed tocomply. It has already been shown, however, 
that the summer hypolimnion is not stagnant in the sense of being absolutely 
immobile, because in that case the increase in temperature of its lower layers 
cannot be explained; and the same appears to be true of the decrease in winter 
temperature under ice observed on many lakes. Turbulence, arising from causes 
still obscure, must in both cases effect some partial mixing within the ‘‘completely 
stagnant”’ body. 


DISSOLVED OXYGEN 
PROCEDURE 

For determination of the quantity of oxygen dissolved in the water of Cultus 
lake water samples have been taken as follows: (1) Various vertical series tabu- 
lated by Foerster (1925), from several stations in the lake. (2) Vertical series 
(unpublished), at 25-foot intervals, taken by Dr. Foerster at a central station, 
June, 1927, to September, 1929, for the most part monthly. (8) Vertical series, 
at 5-metre intervals, taken by the writer at a central station, January, 1932, to 
December, 1933, and May, 1934, to June, 1935, for the most part semi-monthly. 

From 1927 onward, the Winkler method of determining the dissolved gas 
was used. Originally the thiosulphate solutions used in titration were checked 
against a standard solution of potassium bichromate, but after February, 1932, 
they were standardized by comparing with a saturated solution of air in water, 
and referring to the solubility table of Fox, as calculated by Whipple and Whipple 
(1911). In this procedure, correction was made for barometric pressure, as 
described in an earlier paper (Ricker 1934). From 1934 onward, addition of amyl 
alcohol to the thiosulphate greatly retarded its rate of decomposition, facilitating 
standardization accordingly. 

Samples were collected from: the lake in a Kemmerer water bottle. Almost 
no duplicate samples were taken, so that observations are subject to accidental 
error from possible premature closing of the sampler during its descent. _Irregu- 
larities in the values obtained at the bottom indicate that there is near the ooze 
surface rapid microstratification of oxygen, similar to that demonstrated in some 
other lakes (e.g. by Rawson 1936), but no attempt was made to determine its 
extent, or to find what oxygen content occurred at the actual surface of the bottom 
deposits. 

The oxygen determinations so made are set forth in table V. Temperatures 
taken at the same time may be found in earlier tables. Figure 5 shows the fluc- 
tuations in temperature and oxygen content observed throughout 1933. 


SEASONAL CHANGES 

WINTER CIRCULATION 

When complete circulation is established—some time in December—oxygen 
is uniformly distributed vertically in the lake, but is less than the quantity re- 
quired for saturation at its surface (91.1% in 1932, 90.4% in 1934). As the water 
cools, its oxygen increases but it always lags behind the saturation value. That 
is, the winter season of uniformity of temperature is marked also by uniformity 
of oxygen content, but not by saturation of oxygen. In a season cold enough to 
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establish inverse temperature stratification and consequent partial rather than 
complete circulation, the oxygen at a depth becomes less in amount than that at 
the surface, although not greatly so (Feb. 17, 1933). 

When the temperature passes its winter minimum and the lake begins to 


TABLE V. Dissolved oxygen in Cultus lake, in milligrams 


1927 July Aug. Sept. Octe Dec, 1928 Feb. March April May June 
26 8 14 7 20 4 18 12 4 1s 
Metres 
0 8.64 68.98 9.92 9.77 10.95 11.9 12,58 12.42 11.26 9.78 
726 9082 10.27 9.92 9.77 10.88 11.9 12,66 12.26 11,92 9.78 
: 15.2 11.18 10.49 11.66 10.40 10.50 11,5 12.00 11,90 11,68 10.85 
i 22.9 10.55 10.37 10.74 9.45 10.56 11.4 12.14 11.77 11,52 10,93 
§ 0.5 10.5% 10.27 10.10 9.36 10.74 11.4 12,06 11.85 11,60 10.78 
; 1932 January Fed. March April May June 


7 15 16 1 16 1 15 3 17 1 16 


Metres 
0 10.52 11.7 12.38 12.77 = 12,80 12,60 11.93 11,24 11,11 10,12 
5 10.24 11,1 11.96 12.61 12,85 12.83 12,78 12,17 11.30 11.11 10.46 
10 10.08 10.24 12.57 12,56 14,25 12.68 12.72 12,51 12,13 11,82 11,51 


15 10.82 11,01 12,08 12,59 12.63 12.66 12.62 12.52 12.41 12,50 12,08 
10.79 10.10 12,50 12.60 13,54 12,67 12.74 12,21 12,28 12.04 11.74 
9.98 10.00 12.44 12,49 12.12 12.63 12,76 12.15 11,83 11,74 11,56 
10.05 9.68 12,35 12.40 12.40 12.52 12,55 12,09 11,35 11,75 11,25 


SESE 


10.68 9.10 12,435 12.31 12.25 12,06 12,80 11,44 12,95 11.71 10.96 
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Jene February March April May June 
19 3 17 2 16 31 16 3 15 1 17 















12.84 12,59 11.86 10.77 10.2% 
12.46 12.61 13.58 15.25 13.74 13.10 12,86 12,354 11.64 11,14 11.14 
12.49 12.68 13,22 15.24 13.68 13.04 12,87 12.62 12.27 12,06 - 

12.40 12,52 15,04 15,28 15,56 15.10 12,88 13,08 12.89 12.59 12,435 
12040 12,68 15.00 15,20 15.65 13.06 - 1299 12.63 1219 12,15 
12.40 12.61 12.95 13.24 15.59 15.04 12,85 12.85 12.59 11,90 11,80 
12.42 12.67 12.91 13.14 13,55 13.00 12,62 12,64 12,34 11,89 11.71 
12.34 12,63 12.85 13.27 135.70 12.96 12,58 12.45 12,38 11,10 11,51 
12.29 11,64 11,69 10,00 10,58 


SESRSESac 









é 


May June July August Sept. October 
15 4 16 wd 16 1 16 3. (14 x 1s 
Metres 
Llel 10,09 9671 9678 9692 9676 932 9031 10.73 11.30 10.53 
10087 1009 9670 9074 9680 9666 9632 235 9.51 9-55 10.4 
11.03 10.83 10.81 10.01 10.78 10.19 9.91 9.96 9.55 10.20 9.66 
11,62 11.64 11.64 11,27 11,60 11,71 11.52 11,50 11.42 10.35 10.40 
11,28 11.14 10.85 10.89 10.98 11.16 10.50 10.77 10.62 10.44 10.36 
11,00 10.81 10,63 10.58 10.76 10.63 10.27 10.16 9077 935 9.20 
10.83 10.67 10.25 10.21 10.18 9.65 9.77 9,56 9:45 886 8.67 
10.96 10.51 10.31 10.12 9.60 9.90 9.28 9,18 857 & 7.80 
9055 9.37 862 8.62 818 6892 7.15 6.64 6.45 5.73 5.87 
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warm again, its oxygen content continues to rise, both absolutely and relatively 
to saturation. It may soon pass the latter, with resulting supersaturation 
(103.7% on March 16, 1933), in which case the remainder of the circulation 
period acts to reduce the oxygen of the lake. In 1932 and 1935 gain of oxygen 


per litre, taken at stated depths at a central station, 


dug. Sept. Oct. Nov, 1929 Feb, March April May June July Aug. 


6 17 #19 «#128 és a ?7 19 ll 26 
8.73 9042 969 10.42 12,72 12.94 11.93 11.54 10.34 .28 10.24 
9027 9042 9030 10.42 12.40 12.32 12,10 12.32 10.63 10.30 10.55 
11.49 11,30 892 10.15 11,93 12,00 11.77 11.85 11.52 11.32 12.70 
10042 10.15 910 9% 58 12,10 12,00 11.77 12,00 11.08 11.60 12,08 
9680 %30 - 8.63 11,93 12,00 11.77 11.70 11.08 10.73 11.63 
837 8037 8.20 6671 12,10 12.32 11.77 11.38 10.33 10.73 10.40 
July August Sept. Oct. Nov. December 
| 6 19 1 ee sy 5 . 
9.88 9.90 960 930 948 9.96 %91 - - 11.38 


10,00 993 %e71 913 9.50 9.43 10,03 10.74 11.37 11.35 
11.17 11.08 11.06 11.27 10,53 9.91 9.99 10.43 10,10 11.38 
11,14 11.80 15.50 11.61 11.93 11.63 11.63 10.68 10.90 11.44 
11.55 12,12 11.14 11.04 11.20 10.78 10.57 10.12 10.10 11.29 

= 10,87 10.80 10.28 9.38 9.90 10.08 9.55 9.28 11.34 
10.96 10.84 10.26 10.2% 10.10 9.33 9.51 - 925 11,35 

~ o - - ~ - ~ ~ 8.82 11,35 
9086 10,27 Se8l 7294 7.94 6.96 6.69 6.67 8,61 11,38 


Auge September October “November Dec. 
12 11 25 5 20 1 14 30 10 


9240 92435 10.02 10.21 10.57 10.77 10.94 11.13 11,17 
) 12,15 12.08 12,02 11.74 10.70 10,68 11.09 11.13 11.22 


) 11.45 11.55 11.30 11,0 10.62 - 10.8 10.50 10.76 

11.15 ~< 11.89 11.10 9.95 10.08 10.00 9.85 9,83 
. 11.08 10.28 10.27 10645 9.97- 9.80 9.78 = 9022 
10.31 10.00 9.78 9655 8667 925 % 23 878 8,97 2 

9060 72647 8.77 7.52 - 7.23 = 8.26 8,46 

November December 1935 February March April May 

2 18 4 » a 15 1 20 5 19 2 

10.50 10.7 10.81 11,48 - 12,62 12.71 12.4 12,84 12.59 12,11 
‘ 10.56 10.62 10.70 - ; - 12.67 12.62 12,48 12.75 12.70 12.19 
10.50 10.62 10.60 10.79 12.61 ~ 12.59 12.66 12.61 12,55 12,58 
10.51 10.46 10,65 ~ = ~ 12.62 12.67 12.75 12.50 12,39 
9.89 10.67 10.74 11.19 12.68 12.35 12.65 12,54 = 12.54 12,24 
, 9e26 9.05 10.50 ~- - = 12.60 12.46 12.69 12.50 12.20 
8.30 8.55 856 11,22 12.09 o 12,58 12,52 12.67 12.46 12.20 
8.24 8,05 7.90 - ~ 12.33 12.55 12.50 12.37 11,95 





7066 7.639 7.09 10.29 12.12 12.37 12.99 12.41 12.68 12.37 11.68 
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was not as rapid, so that the saturation point was scarcely reached by the time 
complete circulation stopped (98.8% on April 1, 1932; 99.4% on April 5, 1935). 
The two weeks or so of partial circulation which follow do not appreciably change 
the concentration in the lower part of the lake; but at the surface, where the 
temperature is rising more rapidly, supersaturation is established (or reestab- 
lished), and is carried over into the period following. 
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Ficure 5. Oxygen content and saturation value (amount of oxygen for saturation at the ob- 
served temperature and normal lake-level pressure of (756 mm.) (milligrams per litre) and 
temperature (degrees Centigrade) of Cultus lake in 1933. The abcissal scale is of months, 
beginning January. Lower solid line—temperature; upper solid line—oxygen; broken 

line—the oxygen saturation value. 
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SUMMER STAGNATION 















In its fluctuations throughout the period of summer stagnation the oxygen 
content of the epilimnion tends to be governed by the saturation value. In the 
early months there is supersaturation—up to 108% at 5 metres. The water 
starts the season with its rich winter supply, and this tends to be augmented by 
whatever excess of photosynthesis over respiration exists in the layer, while the 
amount necessary for saturation is continually decreasing, owing to the rising 
temperature. Supersaturation declines throughout the summer, and is followed 
by a period when the oxygen content is very close to saturation—from mid- 
September to late October. After this, decline in temperature is more rapid, and 
the epilimnion is unable to absorb rapidly enough, at the surface, oxygen sufficient 
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to saturate its increasing bulk, which is being continually augmented by the 
addition of unsaturated strata from below. This is shown by a decrease of satur- 
ation early in December to 95% (1933), 93% (1934) or even 90% (1932). 

Oxygen in the thermocline follows much the same course as that in the epilim- 
nion, as indicated by determinations made at 10 metres depth in summer, and 
lower in the fall. A slight supersaturation is normally maintained up to late 
October, when the descending thermocline encounters waters depleted by long 
isolation in the summer hypolimnion. 

The hypolimnion starts the season saturated with oxygen or nearly so. Its 
uppermost layers maintain a high and usually rather steady concentration of 
oxygen throughout the summer—the values for the 15-metre level being the 
highest observed in the lake at thistime. There is a suggestion that this is partly 
maintained by plant photosynthesis, as a few exceptionally high values are other- 
wise difficult to explain, notably 13.5 mg./l. on August 1, 1932. Lower parts of 
the hypolimnion show decreasing quantities of oxygen as the summer advances, 
the bottom half of the lake not having its supply renewed until the overturn in 
late fall. 


HYPOLIMNIAL OXYGEN DEFICIT 

The oxygen content of the hypolimnion of a lake in summer has been exten- 
sively used as a measure of the quantity of organic matter in its water (e.g. by 
Thienemann 1928a) on the assumption that it is the oxidation of dissolved and 
particulate organic matter which causes the reduction in oxygen content after the 
cessation of vernal circulation. The discovery of Rossolimo and Kusnezowa 
(1934), that in certain types of lakes consumption of hypolimnial oxygen is 
predominantly the result of oxidation of gases liberated from the bottom ooze, has 
raised a question as to whether hypolimnial oxygen is always a reliable indicator 
of trophic character, particularly in cases of extreme eutrophy or dystrophy. It 
would seem, however, that consumption of oxygen will continue to be used for 
this purpose for a long time (cf. Grote 1936), and of all known indicators, it is 
much the most easily obtained. 

In estimating the consumption of oxygen in the hypolimnion during summer, 
it is necessary to have knowledge of, or an approximation to its oxygen content at 
the close of vernal partial circulation. In all earlier work this was estimated as 
the oxygen content corresponding to the observed summer hypolimnial temper- 
ature at various levels—the tacit assumptions being that such temperatures have 
changed very little since the end of circulation and that at that time the lake was 
saturated with oxygen. The difference between observed summer oxygen and 
this standard is known as the actual oxygen deficit of the hypolimnion. Another 
standard was proposed by Alsterberg (1930), which is the oxygen content corres- 
ponding to saturation at 4°C., at normal lake-level pressure. The assumptions 
in this case are that vernal circulation ceases entirely at or very close to the tem- 
perature of maximum density, and that the lake is saturated with oxygen at that 
temperature. The difference between observed summer oxygen content and this 
standard is called the absolute oxygen deficit of the hypolimnion. 

In regard to this ‘absolute’ standard, Str¢ém (1931) and the writer (1934) 
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have pointed out that circulation of water into the hypolimnion may not cease 
until its average temperature is considerably greater than 4°C. This is illus- 
trated, for Cultus lake, in the following schedule: 


GL e cue aniahl debe sumac aaatiss 1932 1933 1934 1935 1936 
Close of vernal partial circulation April April April April April 
Ae lin. deere eanais ak 15 16 2 19 15 
Mean hypolimnial temp., °C........ 4.94 5.11 6.3 5.34 4.1 
oxygen, mg./l. .. 12.75 12.69 4 12.46 
S fe “* ,%sat....100.0 100.0 s 98.9 


The end of circulation into the hypolimnion can be determined to within about a 
week from the data at hand, being marked by the break in rate of increase of 
hypolimnial temperature (see figures 3 and 4). Omitting 1934, in normal years 
the hypolimnial temperature at this time varies from 0.1° to 1.3° above the point 
of maximum density. Only in 1936 was 4°C. a good estimate of hypolimnial tem- 
perature at close of vernal circulation period. It is, however, a rather better 
estimate in every case than is a series of August temperatures such as are com- 
monly used to obtain saturation standards to calculate ‘“‘actual’’ deficits. 

The year 1934, when winter minimum temperature was only 5.2°C., had its 
vernal partial circulation prolonged to a temperature of 6.3°. This illustrates a 
weakness of the ‘‘absolute’’ standard which might be overlooked: it should not be 
used unless it is known for certain that the lake had cooled to 4° in the preceding 
winter. 

With reference to the Cultus lake data, it is possible also to examine the 
second assumption made in the case of both standards—that regarding saturation 
of oxygen at the chosen temperature. Considering Alsterberg’s first, it is found 
that the oxygen content of the lake at 4°C. may be either more or less than satur- 
ation at that temperature, depending principally upon how much the water had 
cooled during the winter. When the water was close to 4°, the mean saturation 
of oxygen from 15 m. to the bottom was 96 per cent in 1932 (March 16) and 96 
per cent in 1935 (March 1); while following the colder winter of 1933 it was 102 
per cent (mean of March 16 and 31). And since these need not be the maximum 
limits of variation, it is clear that even in years when circulation does stop at 4°C., 
the use of the absolute standard is not necessarily exact. 

A similar picture is obtained by comparing the observed oxygen with that 
corresponding to the observed temperatures at the time of cessation of circulation, 
as is done in the schedule above. Although in this case the approximations to 
saturation are much better, they do not appear to be the result of any particularly 
thorough mixing of the water just previously. In 1932 and 1935 circulation 
happened to stop at a time when the oxygen content, which had been less than 
saturation all winter, finally rose to meet a saturation value which had been falling 
since the time of minimum temperature. In 1933, on the other hand, the lake 
was supersaturated with oxygen a month before the close of circulation, and re- 
mained so (although losing oxygen all the while) almost down to the April 16 
series. But calm weather had prevailed for a few days before that time, allowing 
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organic decomposition to reduce the oxygen in the lower part of the hypolimnion, 
while it remained supersaturated in the upper part—the net result being satur- 
ation. It may be seen then that a suitable conjunction of climatic factors might 
start the hypolimnion’s season with considerably more, or less, oxygen than is 
needed for saturation at its mean temperature at the time. The limits of the pos- 
sible discrepancy appear to be at least as great as + 5 per cent. 


TABLE VI. Hypoliminial oxygen deficits in Cultus lake measured from a 4°C. saturation 
standard. The first figures tabulated in 1928, 1932 and 1933 were at the close of vernal 
(partial) circulation, and hence represent the part of the ‘‘deficit’”” which was not caused 
by organic decay. In 1934, the original ‘‘deficit’’ was probably about 0.77 mg./l. on 
April 2, corresponding to a mean temperature of 6.4°. 

1927 192 1932 1933 1934 
Included Average ; 

Date Streta Deficit Date Strata Deficit Date Strata Deficit Date Strata Deficit Date Strata Deficit 

Metres mg. /l. Metres mg./l. Metres mg/l. Metres m./l. Metres mee/l. 


12,1¥V 15-40 0.50 15,1¥ 15-40 0.42 16.1¥ 15-40 0.58 


47 1.46 3.7 e 0.97 3.V ® 0.45 
15.7 ? 0.67 15. ba 2.19 
1.VI ? 1.19 1.VI 9 1.45 4, VI 2.357 
18, VI . 2.21 16,1 > 1.64 17,1 ” 1.3% 16,¥1 _ 2,68 
6,VII ° 2.20 30, VI . 2,81 
19, VII . 2.15 16,VII e 2.84 
26,VII 15-40 2.52 6.VIII ° 3.04 1.VIII * 2.38 1,.VIII ” 2,73 
10,VIII * 2,94 15.VIII * 3.02 wZ.VIII * 2,10 16,VIII - 3654 
31L.VIII * 2,88 11, 1x ad 2.68 $1,VIII - 5.42 
14, 1X = 3.19 17,1k ® 5.42 21,1k ° 3.61 25,1X ” 3.39 14,1k $ 3.68 
74k ° 365 E 5.x ® 5.63 5.x ? 2.80 1.x 20—40 4042 
19,.% ° 4.41 20, 20-40 3073 18, = 4.68 
5.XI 20-40 4.54 1m ” 3.65 2,x1 25-40 4.69 
13. 23-40 4.75 18,X1 * 4.80 


S.XII 25-40 4.07 XI «25-40 4.01 4X11 3-40 5.21 


10, XII = 3094 


From all of the above it follows that the only really satisfactory standard 
from which to measure the hypolimnial oxygen deficit in a given lake for a given 
year, is a series of oxygen determinations made at the close of that year’s vernal 
partial circulation period. The difference between an observed summer oxygen 
content and this standard may be called the exact oxygen deficit. But if such 
a series of oxygen values be not available, then one of the two estimates now 
current must be employed. The “‘actual’’ deficit will ordinarily be too small; 
the ‘‘absolute’’ deficit is usually too great. Which is the better estimate of the 
exact deficit is a matter which will vary from one lake to another, and from one 
year to the next. Either is sufficiently accurate for most purposes, considering 
the magnitude of other sources of error in oxygen work. The writer has used 
the absolute deficits principally because they are easiest to calculate. 

In table VI and figure 6 hypolimnial oxygen deficits, measured from the 4° 
standard, have been calculated for several seasons. The various observations 
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are not weighted by the volume of the stratum in which they were taken, for in 
a lake of as nearly uniform depth as Cultus, this would be more misleading than 
otherwise, because low bottom oxygen may be expected at the 35-metre contour, 
as well as at the 40. 

In the five years represented, deficits follow much the same course throughout 
the season, increasing in an approximately linear fashion by about 0.02 mg./I. 
per day. The very considerable irregularities in the progression for each year 

















May July Sept. 


Ficure 6. Alsterberg’s “absolute” oxygen deficit (mg./l.) of the hypolimnion of Cultus lake, 
represented by the difference between the observed oxygen content and the saturation 
value at 4°C. and normal lake-level pressure. 


may be ascribed chiefly to the difficulty of getting a representative bottom sample 
with the apparatus used. The average from May 1 to October 1 for the four 
years having complete data are: 


Same, less O, present 
Alsterberg’s at close of circulation 
absolute deficit (Exact deficit) 
1.72 mg./I. 1.34 mg./I. 
a. —_— 
2.65 “ ? 
(2.91) “ 2.14(?) “ 


This order is also that of increasing hypolimnial temperature in the four years 
concerned, a very reasonable relationship, as with the higher temperatures 
respiration and decomposition would proceed more rapidly. The small con- 
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sumption of oxygen in all years marks the lake as definitely oligotrophic in 
this regard. 


RELATION OF OXYGEN TO SOCKEYE SALMON 

The pelagic fish of Cultus lake, in particular the sockeye salmon, do not 
appear to find their depth distribution limited by scarcity of oxygen at any 
season of the year. Since winter stagnation does not exist, it is only in summer 
that a possible oxygen scarcity could be anticipated. In figure 7 are shown the 
oxygen determinations made in 1934 at the time of the epilimnial minimum 
(August 31) and near the time of the hypolimnial minimum (October 1). Beside 


P. 2 o 6 8 10 12 + 6 mai. 


20 24 #%2 28 °C. 


FicurE 7. Temperature, oxygen, and Ruttner’s respiratory value of the oxygen, August 31 and 
October 1, 1934. Vertical scale—depth in metres. Horizontal scales: top—oxygen; 
middle—respiratory value; bottom—temperature. 


the observed oxygen is given its respiratory value (Brehm and Ruttner 1926), 
showing approximately its availability to living organisms, as a percentage of 
the availability of 10 mg./l. at 15°C. It will be observed that the respiratory 
value of hypolimnial oxygen does not go below 100% (except probably within 
a few centimetres of the ooze surface) and is for the most part much higher, 
although 1934 was the year of the greatest known depletion. The respiratory 
value of epilimnial oxygen was much lower (down to 60%) in summer. Even 
that, however, would seem to be sufficient for the salmon, although their oxygen 
requirements have never been exactly determined. The experimental observa- 
tion that sockeye will die if kept in the epilimnion of Cultus lake in summer is 
more likely ascribable to a direct effect of the high temperature. 
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The even bottom contours of Cultus lake make it improbable that there 
exists any significant “depression individuality” (cf. Thienemann 1928a; Welch 
and Eggleton 1932); so that the above results may be taken to apply to the whole 
of the deep water. There is therefore in Cultus lake an adequate oxygen supply 
for the sockeye at all seasons. There is not even a remote approximation to the 
conditions of oxygen depletion (cf. Thienemann 1928b; Ricker 1932) which 
make many small lakes wholly or in part uninhabitable to salmonoids. 


BICARBONATE, CARBON DIOXIDE AND HYDROGEN-ION CONCENTRATION 


PROCEDURE 

During 1932 and 1933 a considerable number of water samples taken in 
vertical series at 5-metre intervals at a central station in Cultus lake were tested 
for bicarbonate content (alkalinity) and for hydrogen-ion concentration (pH). 
Samples were taken in a Kemmerer water bottle, at the same time as those for 
oxygen determinations. 

Titration for bicarbonate was usually done the day following that on which 
the sample was taken. Sulphuric acid approximately N/50 was used with 
methyl orange as indicater, the usual quantity used in a titration being about 
7 oe 

Hydrogen-ion concentration was measured by means of a La Motte colour 
comparator block, using 1 cc. of 0.02% phenol red solution as indicator to 10 cc. 
of water. After adding the solution, the sample was inverted once for mixing, 
and allowed to stand for one minute before the comparison with the standards 
was made. New standards were obtained late in 1932. 


BICARBONATE 
Titrations for alkalinity or bicarbonate were made monthly or semi-monthly 

from January 1932 to November 1933. Selected series are set forth in table VII, 
the complete data being on file and available at the Pacific Biological Station. 
The figures given are milligrams per litre (parts per million) of all bicarbonates, 
expressed as normal calcium carbonate (CaCO; molecular weight 100). To 
express this alkalinity as 

mg./l. of calcium bicarbonate, Ca(HCQOs;)2, multiply by 1.620 

mg./l. of bicarbonate radical, HCO;~ ** 1.220 

mg./l. of carbon dioxide, CO, - ‘** 0.880 

ce./l. at N.T.P. of carbon dioxide, CO. ** 0.448 

milligram-atoms per litre of carbon, C 5 ** 0.0200 


The analyses are chiefly remarkable for their uniformity. In the two years 
represented, there appears to have been no variation in bicarbonate content of 
the water, either seasonally or with depth, which could be detected by the 
procedure used. The water was at all times moderately hard. 


HYDROGEN-ION CONCENTRATION 
The pH determinations were made at the same time as the preceding; typical 
series appear in table VIII. The range of variation in the reaction of the water 
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is not great, being from neutral to moderately alkaline (pH 6.9 to 7.8). Lowest 
values occur in the hypolimnion in autumn, highest in the epilimnion in summer. 
Winter values are intermediate—7.3 to 7.6. 


TABLE VII. Bicarbonate content of Cultus lake water (methyl orange alkalinity), calculated as 
mg./l. of CaCOs. 


1932 1933 
May , Nov. Feb. May _ Sept. 
3 5 3 3 11 
79.4 ’ 79.5 83. 82.4 
78.5 76.8 79.3 82. 80.9 
78.0 ; 76.4 79.1 81. 79.4 
78.3 ; 77.0 79.0 81. 80.5 
77.7 : 78.4 79.6 81.0 80.4 
79.2 , 78.0 79.3 80.8 80.8 
78.2 , 78.0 78.6 81.5 81.9 
aes Fat aan 79.3 80.6 81.0 
78.1 ; 79.3 79.1 80.6 82.5 
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TABLE VIII. Hydrogen-ion concentration of Cultus lake water, expressed as pH. 


1932 
Feb. Mar. May July Sept. . Bea Bee Jan. 
16 16 17 19 21 19 


5 


_ 
o> 


3 
7.5 
7.5 
7.4 
7.5 
7.4 
7.2 
7.2 


to 9 09 Go OO OO OO 


Ess sss 
eo 


oo 
Nasa 


sss sss 
OAWWwWworh PLP RO 


~I- 
— 


7.4 7.6 

CARBON DIOXIDE 
No direct determinations of free carbon dioxide were made, but they may 
be estimated from the nomogram of Dr. E. E. Greenfield, published by Shelford 
(1925). Since the pH of Cultus lake was always less than 8.0, its water was 
never entirely free of carbon dioxide. The quantity present was however usually 


small (up to 5 mg./I.), except in the hypolimnion in autumn, when the bottom 
water contained up to about 20 mg./I. 


NITRATES, NITRITES, PHOSPHATES AND SILICATES 

PROCEDURE 

Colorimetric determinations of four inorganic salts in the water of Cultus 
lake were attempted in 1932 and 1933, using methods which had been successfully 
applied to sea-water by Dr. Neal Carter at the Pacific Biological Station, Nan- 
aimo, B.C. In general they proved much less successful in the fresh water, 
owing chiefly to the much smaller quantities of salts present. 

Quantities of dissolved nitrate were estimated using a reduced strychnine 
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reagent (Riddell 1935). Determinations of dissolved nitrites in the lake were I 
attempted, using Germuth’s (1929) modification of the Greiss-Ilosvay method. 
As the quantity of nitrites present appeared, from trials made in February and 
May, 1932, to be less than that measurable by this method (less than about 
0.02 mg.-atoms/m*.) at all depths, such determinations were discontinued. 
Dissolved phosphates in the lake water were compared with those of standard 
solutions by the method of Denigés (1920). The determination of silicates 
dissolved in the lake’s water was made by means of the Diénert and Wadenbulke 
reaction, using the picric acid standards of King and Lucas (1928) modified to 
read in terms of silicate ion (SiO;~~) instead of silica (SiOz). 

Of the colorimetric methods of analysis used, that for silicates was most 
successful, owing partly to the larger quantity of such salts in the water, partly 
to the clarity of the colour produced and the permanence of the standards. 
The quantities of phosphates and nitrates in the water were always small, so 
that the colours compared were very faint; at times unknown causes would 
prevent colour formation, or produce a ‘‘masked” colour, very difficult to use. 
Although, in tabulating results, series which appeared doubtful have been 
eliminated, there nevertheless remains a possibility of error whose magnitude is 
difficult to estimate; it may be as high as 10 to 25 per cent even in a single series. 
Obviously, the finer differences in concentration of these salts cannot be demon- 
strated in these readings. 

In expressing the results of analyses in milligram-atoms the recommendation 
of Carter et al. (1934) is followed. To change to milligrams of any substance, 
it is necessary to multiply by its molecular weight; e.g. 1 mg.-atom of silicate is 
the equivalent of 28.06 mg. silicon, of 60.06 mg. silica (SiO.), of 76.06 mg. silicate 
radical (SiO;-~), or of 122.06 mg. sodium silicate (Na,SiO;). The tabulation in 
milligram-atoms provides a common measure by which the quantities of different 
radicals may be compared, being proportional to the number of units of each 
present in the water. 








NITRATES 

The quantity of nitrate nitrogen found dissolved in the lake in 1932 is set 
forth in table IX. The differences in the quantities observed are no greater than 
the limits of error of the determinations, so that no seasonal fluctuation or 
variation with depth can be demonstrated. The average quantity present was 
about 4.2 milligram-atoms per cubic metre, or 260 mg. of NO; radical per m’. 


Tas_e IX. Nitrate content of Cultus lake water, expressed as milligram-atoms per cubic metre. 

















1932 Merch April May June July August Sept. Octe Nove Dec. 
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= 15 3 17 1 1e* 6 * 63 1s* 5 s* 3 
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2e7 = e205 eS Sek he? = 07? =k eh 044 =O C0 SS 4el 404 404 404 
26 462 35 39 3e2 ted 407 404 460 3:4 3.535 3.0 366 407 404 404 46 
2.8 462 3.5 3:9 Sel 461 408 404 404 44 35 3.1 367 402 4.2 465 55 
2e4 402 3505 307 Sol Be? SoS 460 Soh Se2 4e2 300 Sed 4.5 402 407 Sed 
206 462 3.5 369 Sol 4060 4065 468 369 3:5 4e2 304 369 407 4.8 4.7 SoS 
207 402 3:5 362 BSel 460 404 4e2 462 3.4 36 3:4 39 404 405 407 51 
208 462 365 365 Sel 307 406 So2 406 35 308 Set 307 404 4.3 Sel 409 
Sol 402 3.5 35 4h 405 469 407 Sed ~ 3e? «= 305 30 5 5.4 402 5.0 4.8 





Analysis made within 5 hours after sample was taken, 
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PHOSPHATES 


The determinations of dissolved phosphate (table X) appear to indicate more 
variation in the concentration of these salts than of nitrates. Lack of consistency 
in the results and the small number of determinations made do not allow any 
general conclusions however. Some of the summer and autumn series show a 
fairly regular increase from surface to bottom—for example from 0.05 to 0.15 
mg.-atoms/m*. on August 1—but irregularities in adjacent series do not bear 
out such even distribution. The average quantity appears to be in the neigh- 
bourhood of 0.1 mg.-atoms/m*., which is considerably less than the quantity 
of nitrate. It is however the same as the average amount found by Juday and 
Birge (1931) in small Wisconsin lakes; viz. 0.003 mg. of the element per litre. 


TABLE X. Phosphate content of Cultus lake water, expressed as milligram-atoms per cubic 


metre. 
1932 Jan. February March July August Oct. Now 
15 2 16 4° a ~~ < 15 5 s* 

° 0.47 O12 Oo2l 0645 0,21 0604 Ocll 0.05 0,09 0.05 0,10 

5 Oc5l 0628 0615 0629 0.40 0.17 Ool2 0.06 0.10 0,06 0.11 
lo 0.57 0.19 0.15 0.21 0.45 0.135 0.05 0.12 
15 0.55 0.37 0.57 0.20 0.27 0.23 0.12 0.09 0,11 0,05 0.11 
20 0.38 1.10 0.25 0,29 0.27 0.21 0.09 0.09 0,077 0.14 
25 OoSl 0628 0,00 0,16 0,14 0002 Ooll 0.13 0,11 0,05 0.12 
x» 0.49 0,26 0,00 0.20 0.02 0.21 0.15 0.14 0.07 0.13 
«0 3210 Oe23 0,00 0.20 0.02 0.15 0,09 0.05 0.15 


x 
Analysis made within 5 hours after sample was taken. 


SILICATES : 

The quantities of silicates dissolved in the lake’s water are given in table XI. 
For the most part, the distribution is uniform with depth, but in late summer and 
early fall there is a range from about 100 mg.-atoms/m*. at the surface to 150 at 
the bottom. The spring pulse of diatoms appears in no way to diminish the 
silicate content of the water, the values throughout the first six months of both 
1932 and 1933 being remarkably uniform. There seems to be no ready explana- 
tion for the fact that the absolute amount was greater in the spring of 1933 than 
in 1932: 130 mg-atoms/m‘*. against about 70, while in late summer they were much 
the same in the two years. The average quantity of silicate present is much 
greater than that of phosphate or nitrate. 

The question may be raised whether or not the quantity of silica available 
might limit the growth of diatoms ina lake. In 1932 the dry weight of a number 
of samples of net plankton taken during the diatom pulse was found to be about 
200 mg. per cubic metre of lake water. Considering this to be all diatom, and 
estimating its silica content at the probably high value of 50% (see Birge and 
Juday 1922, p. 164), this would contain 100 mg/m‘. of Si02, or 1.7 mg.-atoms/m’*, 
This is about 1/25 of the quantity of dissolved silicate present at the same time. 
It appears that in Cultus lake diatoms would not be limited in their growth by 
the quantity of available skeletal material. 










































398 


TaBLE XI. Silicate content of Cultus lake water, expressed as milligram-atoms per cubic metre, 


19s2 Feb. March April May June July August Sept. Oct. Nov, 
16 1 1e* = 3 * wv 1 16* 6 19% 1 is 63* 21" 5 3 

° 66 78 72 66 72 67 68 66 66 76 51 106 94 87 97 103 108 

5 55 79 72 69 74 67 70 66 6? 78 53 114 «(100 94 101 103 108 
10 55 74 78 78 «#473 76 93? 80 94 55 126 117 «(98 110 105 lol 
15 55 75 «73 72 «(72 72 #73 69 «676 80 658 126 12% 108 1% 119 11? 
20 55 76 «#75 7 «#673 7. «#74 69 7: & 61 1344 126 126 124 1% 121 
25 55 80 74 75 «#72 72 «92 71 #67 100 «66 137 131 1% 129 1s” 121 
» 55 79 78 75 73 73 76 71 66 102 66 146 137 120 132 145 128 
40 55 82 75 7% «#73 75 78 71 «66 118 153 153 128 200 1s 


1933 Februery March April Mey June Sept. Oct. 
P 3 17 317 16 3 15 17 ll 5 
0 131 132 131 131 131 0131 131 uz 99 
5 131 (132 132 inl 131 ssl 131 116 99 
10 131 31 131 131 131s isl 131 118 a 
15 131 (131 131 izl 12s ad 131 118 100 
20 131 lg 131 131 ink «(asl 131 121 100 
25 131 (131 131 131 ~\ ie | 131 us 100 
» 13 = sl iz 131 13.131 isl 122 w2 
35 131 inl 11 isl inl isl 131 122 105 
40 isl lsd ial 132 13. =—s132 131 150 106 


. Analysis done sam day as samples were taken. 


NITROGEN AND PHOSPHORUS IN OTHER COMBINATIONS 


Using 201 millions of cubic metres as the volume of Cultus lake, it is possible 
to calculate the total quantity of phosphate and nitrate dissolved in it, and to 


compare approximately the quantities of the elements with those contained in 
other forms. 


In table XII, data for dissolved salts are taken from tables X and XI. The 
nitrogen content of net plankton is from a table in an accompanying paper, and 
the phosphorus in the June plankton, which consisted predominantly of Daphnia, 
is taken as 1.5 per cent of its dry weight, following Birge and Juday’s analyses 
(1922, p. 217) of D. pulex. The 26,000 adult sockeye are those which passed into 
the lake in the autumn of 1931. A number of analyses of the edible or canned 
portion of sockeye from a wide range of localities have been published (e.g. Dill 
1925), and all indicate that nitrogen comprises about 3.4 per cent of the wet 
weight. Juday and others (1932) use 0.26 per cent as the approximate phosphorus 
content of the flesh of spring salmon (Oncorhynchus tschawytscha), and for lack 
of more pertinent analyses, of sockeye as well. The whole fish, including bone, 
would doubtless have a considerably greater proportion, possibly 0.5 per cent. 
Weights of downstream migrants are taken from Foerster’s data, and their 
chemical composition considered approximately the same as that of the adults. 
The quantity of benthos is taken from samples made in 1932, and Birge and 
Juday (1922) are again consulted for analyses of Oligochaeta and Chironomus 
tentans in calculating their composition. 

The table gives no idea of the quantity of nitrogen and phosphorus in other 
forms, notably: (a) Inorganic salts other than the fully oxidized ones; ammonia 
compounds may be important, nitrites were shown to be scarce. (b) Dissolved 
organic compounds; Birge and Juday (1925) and Juday and Birge (1931) have 
shown that the dissolved organic nitrogen and phosphorus in various Wisconsin 
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lakes is of the order of seven times that in the fotal plankton; and in the case of 
phosphorus at least, most lakes hold in solution much more in organic than in 
inorganic form. (c) Bacteria and nannoplankton; Birge and Juday (1922) 
indicate that these small organisms are commonly five to ten times the bulk 
of the net plankton. 

But, ignoring these, it is possible to discuss possible relationships between 
those which are listed. The death and decay of adult salmon has for long been 
considered as resulting in an important accession of nutrient elements by the 
lake. An uncritical reading of table XII might appear to support this view. 
Thus the largest sockeye run on record, 82,000 fish, would have brought to the 
lake about 6000 kilograms of nitrogen—a figure of the same order as the quantity 
of nitrate nitrogen in the lake, and in excess of the quantity in net plankton in 
1932. Compared to this intake, the quantity of nitrogen and phosphorus in the 
downstream migrants going out of the lake, in even the largest runs, is small— 
about one-tenth of that in their parents. In the year 1932, the organic nitrogen 


TABLE XII. Quantities of nitrogen and phosphorus in various situations in Cultus lake 


Situation Nitrogen Phosphorus 
kilograms kilograms 
Dissolved nitrates and phosphates, March 1932................ 10,000 1,800 
Net plankton, March, 1932. (200 mg./m*.)................... 1,200 ee 
on = June 1, 1082. (168 mg./m’*.)................04 2,000 500 
Macroscopic profundal bottom fauna, Jan.-May, 1932.......... 200 24 
. 7 " ” June-Sept., 1932......... 270 33 
779,000 seaward migrant sockeye, 1932....................45. 190 30 
(5710 kg.) 
ey RRR ERD DU os cis dics bbe oe de salslene wo 0e Os 190 30 
(5800 kg.) : 
26,000 adult sockeye, fall of 1981............. es ehan oS ahiaee tage 1900 280 
(57,000 kg.) 


from dead salmon was about equal to that in the net plankton of the lake at the 
time of its greatest development. It was greater than that contained in the 
profundal bottom fauna. 

Such comparisons however tend to overemphasize the possible importance 
of the dead fish. Compared to the total nitrogen, inorganic and organic, which 
is likely to be dissolved in the lake’s water, the quantity of nitrogen brought in 
by the sockeye is not great. They would scarcely be of much value, therefore, 
in fertilizing the lake, in the sense of adding to its supply of basic inorganic 
nutrient salts. Owing to the heavy rainfall about the lake and its large volume 
of flow, these latter are being rapidly lost in the outlet stream, and replenished 
by the tributaries. Since this “turnover” amounts each year to at least half the 
total supply in the lake, it is evident that the decomposition of even the largest 
observed runs of sockeye could have only a very temporary effect upon the in- 
organic salts in its water. Hence no unusually profuse growth of phytoplankton 
can be expected to follow as a result of a large sockeye run, and in fact none has 
been observed. 

Although of little use to the phytoplankton, the carcasses of the sockeye 
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may possibly be important to other organisms. Various fish of the lake are known 
to eat them, and it is not inconceivable that a significant part may become 
directly available to zooplankton as suspended detritus or its immediate bacterial 
derivatives. 

Juday et al. (1932) record a few summer determinations of various forms of 
nitrogen and phosphorus in the water of Karluk lake, Alaska, and an estimate 
of its annual run of spawning sockeye. A comparison similar to table XII sug- 
gests that the quantity of nutrient elements brought in by the sockeye is five 
to ten times as great, in relation to the quantities of inorganic salts present in the 
lake, as at Cultus lake. The number of sockeye in an average Karluk run 
(1,000,000) is 520 per million cubic metres of the lake’s water; in an average 
Cultus run (10,000) it is 50. The authors quoted suggest that the luxuriant 
growth of phytoplankton at Karluk is a direct result of the nutrient elements 
brought in by the sockeye. Evidently thé importance of dead sockeye in the 
nutritional economy of Karluk lake is much greater than is normally the case 
at Cultus. 


SUMMARY 


Cultus lake is a body of clear colourless water 40 metres deep and 6 square 
kilometres in extent. It lies at the western border of the Cascade mountains in 
southwestern British Columbia, in a region of equable climate, heavy precipita- 
tion and luxuriant coniferous forests. 

The lake’s seasonal temperature cycle is marked by only two main periods 
circulation in winter and stagnation in summer. The maximum temperature of 
the epilimnion is 20-22°C. (summer), of the bottom water is 5-8° (late autumn); 
winter minima have varied from 2.6-5.2°, considering the average over all depths. 
As compared with other lakes of its size lying in the region of latitude 49°N.., 
Cultus is remarkable for the length of its season of summer stagnation, which is 
prolonged into December. Unusual also is the lack of an ice-cover in winter, 
and the prevalence in some years of complete circulation throughout that season. 

The average annual heat budget over seven years is 24300 cal./cm.’, 
which is a smaller value than has previously been recorded from temperate 
America. 

The warming of the h'ypolimnion of Cultus lake in summer is predominantly 
the result of penetration of radiant energy to its upper layers, and not the result 
of admixture of warm water by currents directly or indirectly set up by wind 
action. This conclusion is made because (a) the hypolimnion’s rate of warming 
changes suddenly at the close of the spring circulation period; (b) subsequent 
warming proceeds at a nearly constant rate throughout the summer, and does 
not decrease as the thermal resistance to mixing increases; (c) the quantity of 
radiation penetrating to the hypolimnion is of the same order of magnitude as 
the actual heat gained by the hypolimnion throughout the season. 

A modification of Yoshimura’s classification of circulation periods in tem- 
perate lakes is proposed, in which some of the periods are differently delimited 
and a new subdivision is added. 
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Throughout most of the winter, oxygen in Cultus lake is uniformly dis- 
tributed with depth, or nearly so, being somewhat less than saturation value. 
With rising temperatures of late winter a slight supersaturation may be estab- 
lished, but in the three years studied the oxygen has been close to saturation at 
the close of the partial circulation period. The rapidly rising temperature of the 
epilimnion in the early part of the stratified period is responsible for the appear- 
ance, or reappearance, of supersaturation there, which condition is maintained 
(by day at least) until late summer. The hypolimnial consumption of oxygen 
begins in early May and continues to November or December; its extent is such 
as to classify the lake as moderately oligotrophic. 

Ruttner’s respiratory values of the oxygen content, as calculated for two 
periods of minimum oxygen, show that there is sufficient at all times to maintain 
the respiration of salmonoid fishes. 

The lake’s water is moderately hard at all depths and all seasons, having a 
bicarbonate content of about 80 mg. per litre, as CaCO;. It is never entirely 
lacking in free carbon dioxide (pH always less than 8.0), and in the stagnant 
hypolimnion accumulation of this gas may increase the hydrogen-ion concen- 
tration to the neutral point or slightly past (pH 6.9). 

The quantities of dissolved inorganic phosphates, nitrates and silicates are 
determined over one or two years. Although it is hard to find suitable norms 


' for these, the phosphorus is present in an “average” amount, as compared with 


lakes of northeastern Wisconsin. The silicate present appears to be much in 
excess of the requirements of the largest observed diatom populations. 

A calculation of the nitrogen and phosphorus in the salmon which migrate 
into the lake each fall shows that even the largest runs of these would not be 
sufficient to add greatly, on decomposition, to the dissolved supply already 
available. This does not necessarily preclude their being of direct use to various 
animals before decomposition is complete. 
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